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INTRODUCTION

Plasmonics is the study of light interactions with free electrons in metal
nanostructures. When the intensity of light couples to the electrons in the metal with
direct illumination, these electrons are oscillating on the surface of the metal. These
coherent electron oscillations at the metal and dielectric interface are called surface
plasmons (SPs). These surface plasmons form electromagnetic waves that propagate
along the metal/dielectric interface are called surface plasmon polaritons (SPPs). One of
the most important properties of surface plasmons is that the oscillation frequencies of
surface plasmon resonance (SPR) are very sensitive to the change of surrounding medium
refractive index. Due to this unique property, SPR became one of the most useful tools
for label free optical detection of biomolecules. The surface plasmon resonance
wavelength can be measured from optical reflection, transmission, diffraction, absorption
with spectrum and intensity interrogation. SPR studies have been growing exponentially
in the past three decade due to its prominent performance for applications such as
biochemical sensing, information processing, energy harvesting, and nonlinear optics.
Since the first surface plasmon resonance biochemical sensing instrument was released
by Biacore in 1990, the number of research publications are growing exponentially and
increased to more than 20,000 papers by 2016.
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1.1 History of plasmonics and plasmon resonance biochemical
sensing
The earliest discovery of plasmonic phenomenon can be dated back to 4th century
AD. The Lycurgus cup that made by Roman in the 4th century was found showing
surface plamon resonance effect [1]. This cup exhibits different colours when it is
illuminated from different positions. The colour of the cup becomes deep wine-red when
light transmitting through the glass and exhibits opaque pea-green in reflected light [2].
This is due to the gold and silver nanoparticles (with size approximately 70 nm) that were
mixed into the glass during the production. The localized surface plasmon resonance of
gold nanoparticles can be excited by incident light. These particles inside the glass radiate
EM waves at the same resonant wavelength around 600 nm ~700 nm in the visible
spectrum to make the Lycurgus cup red. This accidental discovery did not receive any
more attention until 1500 year later when Robert William Wood illuminated a metal
diffraction grating with S polarized light and discovered unusual black and bright patterns
in the reflected light in 1902, it was later known as wood’s anomalies [3]. In 1904,
Garnet used the newly proposed Drude theory of metal to explain the spectrum behaviour
of metal nanoparticle doped glass. Three years later, Lord Rayleigh first theoretically
explained wood anomalies in 1907 [4]. Several years later, Wood proposed the
anomalies can be also observed in P polarization under certain conditions [5, 6]. An
important theoretical breakthrough was happened in 1941, Fano first explained the
anomalies are resonance that come from certain leaky waves that supported by
grating [7, 8]. It was first time although not clearly state that anomalies are related to the
surface plasmon waves but led to the connection between SPPs and anomalies. Plamer, in
2

1950s, experimentally demonstrated P anomalies that found only on gratings with deep
grooves [9–11]. With the development of laser source and more powerful computers in
the 1960s and 1970s, more experimental analysis were conducted for investigating the
Wood’s anomalies. During this period, the use of laser and photo sensitive materials led
to the development of lithography process. This technique permitted the fabrication of
smaller holographic gratings for science and industrial applications. It was also during
this period, in 1971, Kretschmann and Otto used metal gratings and prism coupling
technique to excite surface plasmon resonance [12–14]. They named the device as “total
attenuated reflection”.
In the 1980s, more SPR experiment works were conduct and the evanescent
waves excited by Kretschmann configurations were applied to thin metal films [15, 16].
The thin films on glass wafers are easier to fabricate. Liedberg’s group was the first to
move surface plasmon resonance technology towards biochemical sensing applications in
1983. They first demonstrated SPR gas and biomolecular sensing under Kretschmann
configuration [17]. More importantly, they used silver film as sensing interface and
bound with human IgG on the surface [18, 19]. The linker can bind with antihuman IgG
in water solution therefor causing the refractive index change on the surface of the silver
film. Unlike other immunoassays, SPR immunoassay is label free, in real time and
capable of determine the interaction kinetics. These prominent features attracted a
Sweden company called Pharmacia to develop surface plasmon resonance as an
instrumentation for studying the binding interactions between biomolecules. The first
commercial surface plasmon resonance based instrument was released by Biacore in
1990. Then a simplified version with manual adjustment called Bialite was released in

3

1994 [20]. Since then, surface plasmon resonance technology opened a new area for
biomolecules interaction analysis.
After the release of Biacore instrument in 1990, several competing companies
also released several SPR sensing platforms. Similar to SPR technology, Fisons
Instruments in UK first released a cuvette-based IAsys instrument based on evanescent
field technology to compete with Biacore. Five years later in 1995, IBIS Technologies
released a cuvette-based single channel SPR system. They also released a two-channel
cuvette-based SPR instrument two years later and a SPR imaging system four years later.
During the past 25 five years of SPR sensing instrument development, commercial
product line converged basically into five types of configurations. There are fixed angle,
fan shaped converging, imaging ,differential phase shift and angular scan configuration
types now available in 26 companies globally in 2016.
In the past five years, the demand for monitoring muiltianalyte kinetic interaction
simultaneously led to another great advance of SPR technology. The Octec HTX by Pall
Life Sciences released in 2014 and IBIS MX96/CFM technology release in 2015 can
meet these new requirements. The eight-needle BIAcore 8k that released by GE
Healthcare in 2016 is aimed to analysis about 2300 fragments in a day and low molecular
weight compound.
Although SPR instrument markets are mainly dominant by the planar metal layers
under Kretschmann configuration over the past two decades. New trend of surface
plasmon resonance technology such as noble metal nanoparticle based localized surface
plasmon resonance and surface plasmon resonance imaging are appearing in the market
in recent years. Different from Kretschmann configured SPR instruments, the localized
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surface plasmon resonance sensor detects surrounding refractive index change by
measuring the plasmon resonance wavelength shift. The excitation of nanoparticles does
not strictly depend on the angle of incident. The complicated nanostructure surfaces are
found much easier to bind molecules. The LSPR sensing system is very small, optical
compact, mechanical free, portable, real-time sensing and low-cost. Currently, localized
surface plasmon resonance based biosensing instruments now available on the market are
OpenSPR by Nicoya and P4SPR by Affinite Instruments. As the main goal of this
dissertation and also one of the future trends of SPR biochemical sensing, localized
surface plasmon resonance from array of gold nanostructures and biochemical sensing
application based on these sensor studies will be discussed in the following chapters.

1.2 Motivations
As one of the most prominent future SPR sensing platforms, localized surface
plasmon resonance based biochemical and biomolecular sensing have shown great
potential in measuring low molecular weight compounds and multianalyte – multichannel
simultaneously. The wavelength of localized surface plasmon resonance is strongly
related to the materials properties, size of the nanoparticle, and periodic arrangement of
the nanoparticles also the physical geometry of the nanoparticle [21]. The resonant
wavelength is very sensitive to the change of the surrounding material refractive index.
Another important feature of LSPR is that the strong near electromagnetic field
enhancement in the nanoparticles can also be a great benefit for biochemical sensing and
biomedical applications [22, 23]. The motivation of this dissertation is to investigate the
localized surface plasmon resonance effect in different nanoparticles and to investigate
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the nanoparticle geometry, size, pitch dependence and sensor performance for
biochemical sensing.
To investigate the localized surface plasmon resonance in nanoparticle array and
its applications, first, the spectra of diabolo shaped nanoantenna arrays working in the
mid-infrared region are investigated [24]. Optical properties of this novel nanostructure
were analysed experimentally and numerically. As a fundamental study of plasmonic
optical nanoantenna, this new structure is showing huge potential for biochemical and
biomedical applications. It was found that reducing the waist width of the diabolo
nanoantenna significantly shifts the resonant wavelength to longer wavelength and
greatly enhances the near magnetic field, while changing the antenna array period also
changes the resonance wavelength but has less effect. This near magnetic field
enhancement was found to be useful for biomedical treatment in low power nanoparticle
optical vortex trapping to reduce heating and damaging in biological particles.
Next, a hybrid plasmon photonic crystal resonance grating biosensor was
demonstrated [25]. Localized surface plasmon resonance from super-period gold
nanohole array and guide mode resonance from silicon nitride layer are measured from
first order diffraction in the transmission mode. It is found that large optical resonance
shift was observed in the first order diffraction spectrum by using a CCD while no optical
resonance can be found in the zeroth order transmission. In the end, biochemical sensing
for Bovine Serum Albumin (BSA) protein was demonstrated.
Then, an optical fiber based plasmonic biochemical sensor was investigated. The
sensor consists of a conical shaped nanohole array on the fiber tip and cylindrical
nanohole array at the bottom. It is found that this sensor has very high sensitivity
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comparing with normal nanohole array sensors. The detection signal is greatly enhance
when chemicals filled inside the nanohole. It is also found that the sensor response and
recovery time are strongly related to the sensing chemicals.
In the end, we demonstrated immunoassay sensing by using localized surface
plasmon resonance of a gold nanocave array.

1.3 Background
Metamaterials are man-made artificial materials that cannot be found in
nature [26]. The optical properties of metamaterials can be designed by changing the
structure geometry, size, periodicity and materials. These optical parameters can be
determined through the transmission, reflection, absorption, scattering of electromagnetic
waves from the material. The geometry size of a metamaterial is usually smaller than the
wavelength. If the phenomenon is happening within visible spectrum, the corresponding
metamaterial structure is in the range from 10 to several 100 nanometers. To understand
the physics of light interact with materials in nanometer scale, we will first review the
Maxwell’s equations.

1.3.1 Maxwell’s equations and material properties
Maxwell’s equations explain how electromagnetic waves propagate through
different materials [27]. To describe the interaction of EM waves with materials, we start
from a point source which produces the incoming waves from an infinite distance. The
incident wave can be regarded as a plane wave that travels through medium 1, then
reaches the boundary of medium 1 and 2. At the boundary, part of the wave will transmit
to medium 2, some of the waves will be reflected back to medium 1. Also some waves
7

will be absorbed by the material 2. In certain cases, the absorbed energy in medium 2 will
again scatter light to medium 1 and 2.
The Maxwell’s equations in differential form are written as following

∇×𝑬 =−

𝜕𝑩
𝜕𝑡

∇×𝑯 = 𝐉+

𝜕𝑫
𝜕𝑡

(1.1)

(1.2)

∇∙𝑫=𝜌

(1.3)

∇ ∙ 𝑩 = 0.

(1.4)

In the free space, 𝜌 = 0 , 𝜇 = 𝜇0 , ɛ = ɛ0 , 𝐽 = 0 , where ɛ is the electric
permittivity, and μ is the magnetic permeability, the Maxwell’s equations can be written
as

∇×𝑬 =−

∇×𝑯 =

𝜕𝑩
𝜕𝑡

𝜕𝑫
𝜕𝑡

(1.5)

(1.6)

∇∙𝑫=0

(1.7)

∇ ∙ 𝑩 = 0.

(1.8)

The constitutive relations can be written as
𝑩 = 𝜇𝑯

(1.9)
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𝑫 = ɛ𝑬.

(1.10)

To solve Maxwell’s equations in free space, we consider a linear isotropic,
homogenous, lossless medium that is charge free. Assuming and suppressing the time
factor e−jωt , the Maxwell’s equations can be written as
∇ × 𝑬 = −𝑗𝜔𝜇𝑯

(1.11)

∇ × 𝑯 = jωɛ𝐄

(1.12)

∇∙𝑫=0

(1.13)

∇ ∙ 𝑩 = 0.

(1.14)

First, we take the curl on both sides of the equation (1.11),
∇ × (∇ × 𝑬) = −𝑗𝜔𝜇(∇ × 𝑯).

(1.15)

By applying the vector identity, we obtain wave equation (1.18)
∇ × (∇ × 𝑨) = ∇(∇ · 𝐀) − ∇2 𝐀

(1.16)

∇∙𝑬=0

(1.17)

∇2 𝑬 + 𝛽 2 𝑬 = 0

(1.18)

where β = √ω2 μɛ. In order to solve this linear homogenous differential equation, we
assume the solution consists of an exponential function with time harmonica component
and location component.

9

The electric field in the free space is traveling at z direction, electric field E can
be written as
𝐄 = 𝐸0 e−j(ωt−βz) 𝒂𝒙 .

(1.19)

For magnetic field H, applying the same method we can solve H
𝐇 = 𝐻0 e−j(ωt−βz) 𝒂𝒚 .

(1.20)

where H0= E0/η is the magnitude of magnetic field, in the free space, the impedance of
𝜇

air is 𝜂0 = √ ɛ 0 =120π.
0

The incident wave travels in medium 1 and then reaches the boundary between
medium 1 and medium 2. For simplicity, we consider the incident wave as a transvers
electromagnetic wave (TEM). The directions of both E and H fields of TEM wave are
orthogonal to the direction that wave propagating to and there is no component that along
the propagation direction. Here we are going to discuss a general situation. The oblique
incident of EM waves. Figure 1.1 illustrates the oblique incidence of a P polarized wave
and the polarization of reflected and transmitted waves.

10
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Figure 1.1. Oblique incidence with TM polarization.

Figure 1.1 shows a P polarization wave travelling on z direction and with an
incident angle 𝜃𝑖 with interface normal. The direction of E field is parallel to the plane of
incidence. The electric field of incident wave, reflected wave and transmitted wave can
be expressed as
𝑬𝒊 = 𝐸𝑖𝑜 (cos 𝜃𝑖 𝒂𝒙 − sin 𝜃𝑖 𝒂𝒛 )𝒆−𝒊𝜷𝟏 (𝒙 𝐬𝐢𝐧 𝜽𝒊 +𝒛 𝐜𝐨𝐬 𝜽𝒊 )

(1.21)

𝑬𝒓 = 𝐸𝑟𝑜 (cos 𝜃𝑟 𝒂𝒙 + sin 𝜃𝑟 𝒂𝒛 )𝒆−𝒊𝜷𝟏 (𝒙 𝐬𝐢𝐧 𝜽𝒓 −𝒛 𝐜𝐨𝐬 𝜽𝒓 )

(1.22)

𝑬𝒕 = 𝐸𝑡𝑜 (cos 𝜃𝑡 𝒂𝒙 − sin 𝜃𝑡 𝒂𝒛 )𝒆−𝒊𝜷𝟐 (𝒙 𝐬𝐢𝐧 𝜽𝒕 +𝒛 𝐜𝐨𝐬 𝜽𝒕 ) .

(1.23)

The magnetic field of incident wave, reflected wave and transmitted wave can be
expressed as
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𝐸𝑖𝑜 −𝒊𝜷 (𝒙 𝐬𝐢𝐧 𝜽 +𝒛 𝐜𝐨𝐬 𝜽 )
𝒊
𝒊 𝒂
𝒆 𝟏
𝒚
𝜂

𝑯𝒊 =

𝑯𝒓 = −

𝑯𝒕 =

𝐸𝑟𝑜 −𝒊𝜷 (𝒙 𝐬𝐢𝐧 𝜽 −𝒛 𝐜𝐨𝐬 𝜽 )
𝒓
𝒓 𝒂
𝒆 𝟏
𝒚
𝜂

𝐸𝑡𝑜 −𝒊𝜷 (𝒙 𝐬𝐢𝐧 𝜽 +𝒛 𝐜𝐨𝐬 𝜽 )
𝒕
𝒕 𝒂 .
𝒆 𝟐
𝒚
𝜂2

(1.24)

(1.25)

(1.26)

At boundary z = 0. Applying the boundary conditions which require tangential
component of E and H to be continues across boundary, we obtain
𝐸𝑖 (𝑧 = 0) + 𝐸𝑟 (𝑧 = 0) = 𝐸𝑡 (𝑧 = 0)

(1.27)

𝐻𝑖𝑦 (𝑧 = 0) + 𝐻𝑟𝑦 (𝑧 = 0) = 𝐻𝑡𝑦 (𝑧 = 0)

(1.28)

𝐸𝑖𝑜 cos 𝜃𝑖 + 𝐸𝑟𝑜 cos 𝜃𝑟 = 𝐸𝑡𝑜 cos 𝜃𝑡

(1.29)

1
1
(𝐸𝑖𝑜 − 𝐸𝑟𝑜 ) = 𝐸𝑡𝑜 .
𝜂
𝜂2

(1.30)

By solving equations (1.29) and (1.30), we can obtain Fresnel’s equations, the
reflection coefficient r and transmission coefficient t for P polarization can be expressed
as

𝑟𝑝 =

𝐸𝑟𝑜 𝜂2 cos 𝜃𝑡 − 𝜂 cos 𝜃𝑖
=
𝐸𝑖𝑜 𝜂2 cos 𝜃𝑡 + 𝜂 cos 𝜃𝑖

(1.31)

𝑡𝑝 =

𝐸𝑡𝑜
2𝜂2 cos 𝜃𝑖
=
.
𝐸𝑖𝑜 𝜂2 cos 𝜃𝑡 + 𝜂 cos 𝜃𝑖

(1.32)
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We can also solve the reflection coefficient r and the transmission coefficient t for
S polarization through the same steps, r and t can be written as

𝑟𝑠 =

𝐸𝑟𝑜 𝜂2 cos 𝜃𝑖 − 𝜂 cos 𝜃𝑡
=
𝐸𝑖𝑜 𝜂2 cos 𝜃𝑖 + 𝜂 cos 𝜃𝑡

(1.33)

𝑡𝑠 =

𝐸𝑡𝑜
2𝜂2 cos 𝜃𝑖
=
.
𝐸𝑖𝑜 𝜂2 cos 𝜃𝑖 + 𝜂 cos 𝜃𝑡

(1.34)

1.3.1.1 Optical properties of dielectric materials
The interaction between electromagnetic waves and materials can be described in
classical model. In the dielectric materials, electrons are bound which mean they are not
free to move around when outside driving force is occurred. The electrons behaviors in
dielectric can be described with Lorentz oscillator model. The electron cloud around
nucleus offsets when outside electric field is applied on the material. These electrons
cannot move far away from the nucleus. There will be a restoring force that drag the
electrons back to their original locations when that electric field is removed. This process
can be described as a classical spring mechanism with a damper as shown in figure 1.2.
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Electron mass =m
Charge -e

Displacement r

Driving Force -qE

Figure 1.2. Lorentz oscillator model to describe electron oscillations in dielectric material

When an incident wave of angular frequency ω interacts with dielectric material,
the equation of motion of a free electron can be written as

𝜕 2𝒓
𝜕𝒓
𝑚 2 + 𝑚𝛤
+ 𝑚𝜔02 𝒓 = −𝑞𝑬.
𝜕𝑡
𝜕𝑡

(1.35)

Where r is the displacement of electron, m is the mass of the electron, Γ is the damping
frequency. E is the incident electric filed. By taking the Fourier transform of equation
1.35. We obtain
𝑚(−𝑖𝜔)2 𝒓(𝜔) + 𝑚𝛤(−𝑖𝜔)𝒓(𝜔) + 𝑚𝜔02 𝒓(𝝎) = −𝑞𝑬

(1.36)

(−𝑚𝜔2 − 𝑖𝜔𝑚𝛤 + 𝑚𝜔02 )𝒓(𝝎) = −𝑞𝑬(𝝎)

(1.37)

𝒓(𝜔) = −

𝑞
𝑬(𝝎)
.
𝑚 𝜔02 − 𝜔 2 − 𝑖𝜔𝛤

(1.38)
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From the electron displacement r(ω), we can get dipole moment 𝝁(𝜔) =
−𝑞𝒓(𝜔) , the dipole moment can be connected with polarization density P and
susceptibility 𝜒(𝜔) which can be expressed as
𝑷(𝜔) = ɛ0 𝜒(𝜔)𝑬(𝜔) = 𝑁𝝁(𝜔) = −

𝜒(𝜔) =

𝑁𝑞
𝑬(𝝎)
2
𝑚 𝜔0 − 𝜔 2 − 𝑖𝜔𝛤

𝑁𝝁(𝜔)
𝑁𝑞 2
1
=(
) 2
.
ɛ0 𝑬(𝜔)
ɛ0 𝑚 𝜔0 − 𝜔 2 − 𝑖𝜔𝛤

(1.39)

(1.40)

The relationship between susceptibility and polarization density can be expressed
as following equations, where ɛ𝑟 is the relative electric permittivity of the medium and
also known as dielectric constant. The electric displacement (D) and the polarization
density (P) are related as
𝑫 = ɛ0 𝑬 + 𝑷

(1.41)

𝑷 = ɛ0 𝜒𝑬

(1.42)

𝑫 = ɛ0 𝑬 + ɛ0 𝜒𝑬 = ɛ0 (1 + 𝜒)𝑬

(1.43)

ɛ𝑟 = 1 + 𝜒.

(1.44)

Combining with equation 1.44, the relative permittivity can be written as

ɛ𝑟 = 1 +

where the term

𝑁𝑞 2
ɛ0 𝑚

𝑁𝑞 2
1
,
2
ɛ0 𝑚 𝜔0 − 𝜔 2 − 𝑖𝜔𝛤

(1.45)

= 𝜔𝑝2 is the bulk plasma frequency of the material. The real part and

imaginary part of relative permittivity can be expressed as
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ɛ𝑟 = ɛ′𝑟 + 𝑖ɛ′′
𝑟

ɛ′𝑟 = 1 +

ɛ′′
𝑟

(1.46)

𝜔𝑝2 (𝜔02 + 𝜔2 )
(𝜔02 − 𝜔 2 )2 + 𝜔 2 𝛤 2

𝜔𝑝2 𝜔𝛤
=
.
(𝜔02 − 𝜔 2 )2 + 𝜔 2 𝛤 2

(1.47)

(1.48)

1.3.1.2 Optical properties of metals described with the Drude model
For unbound free electrons in metals, there is no elastic restoring force to hold the
electrons. Therefore according the Drude model [28],

𝑚𝜔02 𝒓(𝜔) = 0,

therefore 𝜔0 = 0.

(1.49)

The relative permittivity of Drude model for metals can be expressed as

ɛ𝑟 = 1 −

𝜔𝑝2
.
𝜔 2 + 𝑖𝜔𝛤

(1.50)

For a lossy material, the refractive index is a complex number. The complex
refractive index 𝒏 is related to the relative permittivity. Complex refractive index n can
be expressed as:

𝒏 = 𝑛 + 𝑖 = √ ɛ 𝑟 𝜇𝑟 .

(1.51)

For nonmagnetic material 𝜇𝑟 = 1, therefore, solve the real part and imaginary part
of relative permittivity, the relative electric permittivity of metal can be written as
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ɛ′𝑟 = 𝑛2 −

2

(1.52)

ɛ′′
𝑟 = 2𝑛 ,

′

(1.53)

′

′′2

ɛ𝑟 + √ɛ𝑟 + ɛ𝑟
𝑛= √
2

′

′

(1.54)

′′2

−ɛ𝑟 + √ɛ𝑟 + ɛ𝑟
= √
.
2

(1.55)

1.3.2 Introduction to surface plasmons at metal-dielectric boundary
When free electron chargers on the surface of metals are excited by the incident
electromagnetic wave, the coherent resonant electron oscillations occur at the interface
between dielectric and metal which is called surface plasmon oscillations (SP). These
oscillations that form electromagnetic waves travelling along the surface are known as
surface plasmon polaritons (SPPs) [29]. To describe the excitation of surface plasmon
polaritons, we assume a flat, non-absorbing single surface consisting of perfect conductor
(z < 0) and lossless dielectric (z > 0) with boundary at z = 0. An incident EM wave with
TM polarization is travelling at X-Z plan as shown in figure 1.3.
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Figure 1.3. Surface plasmon propagation at a single interface between metal and
dielectric.

This TM electromagnetic wave in medium 1 and medium 2 forms a surface
plasmon polariton wave at the interface (z = 0).
For z > 0 in medium 1, the electric field and magnetic field can be expressed as
𝑯𝟏𝒚 (𝑧) = 𝐴 𝒆𝒊𝜷𝒙+𝒌𝟏 𝒛

𝑬𝟏𝒙 (𝑧) = −𝑖𝐴

𝑬𝟏𝒛 (𝑧) = −𝐴

(1.56)

1
𝜔ɛ0 ɛ

𝒆𝒊𝜷𝒙+𝒌𝟏 𝒛

𝛽
𝒆𝒊𝜷𝒙+𝒌𝟏 𝒛 .
𝜔ɛ0 ɛ

(1.57)

(1.58)

For z < 0 in medium 2, electric field and magnetic field can be expressed as
𝑯𝟐𝒚 (𝑧) = 𝐴2 𝒆𝒊𝜷𝒙−𝒌𝟐 𝒛

𝑬𝟐𝒙 (𝑧) = 𝑖𝐴

1
𝜔ɛ0 ɛ2

(1.59)

2𝒆
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𝒊𝜷𝒙−𝒌𝟐 𝒛

(1.60)

𝑬𝟐𝒛 (𝑧) = −𝐴

𝛽
𝒆𝒊𝜷𝒙−𝒌𝟐 𝒛 .
𝜔ɛ0 ɛ2

(1.61)

By applying the boundary condition at z = 0 interface, Tangential component 𝑯𝒚
and 𝑬𝒙 must be continues across boundary. For normal component 𝑬𝒛 , ɛ𝑖 𝑬𝒁 = 𝐷𝑖 must
be continues across boundary. We can obtain the following equations
𝑯𝟏𝒚 (𝑧 = 0) = 𝑯𝟐𝒚 (𝑧 = 0)

(1.62)

ɛ 𝑬𝟏𝒛 (𝑧 = 0) = ɛ𝟐 𝑬𝟐𝒛 (𝑧 = 0).

(1.63)

Equation 1.58 requires that 𝐴 = 𝐴2 . From 1.61, we obtain
2

=−

ɛ2
.
ɛ

(1.64)

The boundary condition requires tangential component 𝑯𝒚 to be continuous across
boundary, then
2

= 𝛽2 −

2
0ɛ

(1.65)

2
2

= 𝛽2 −

2
0 ɛ2 .

(1.66)

Solving for β, we can obtain the relationship between the propagation constant
and relative permittivity of two media, this equation is also known as the dispersion
relation of SPPs

𝛽=

0√

ɛ ɛ2
.
ɛ + ɛ2
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(1.67)

For TE wave travels along the interface, the boundary condition yielding
𝐴 (

+

2)

= 0.

(1.68)

This equation requires only under condition that 𝐴 = 𝐴2 = 0. It means surface
plamon mode cannot be excited by TE polarization.
Recall the dielectric function derived from the Drude model for metal in 1.48. By
ignoring the damping coefficient, then substitute into equation 1.65. The surface plasmon
frequency of metal 𝜔𝑠𝑝 can be written as

𝜔𝑠𝑝 =

𝜔𝑝
√1 + ɛ2

,

(1.69)

where the 𝜔𝑝 is the bulk plasma frequency of metal. For this case, the propagation
constant β goes to infinity as the frequency approaches surface plasmon frequency. This
mode become localized mode since the group velocity of SPPs approaches zero.

1.3.3 Introduction to localized surface plasmon resonance
In the last section, we introduced surface plasmon resonance that can be excited
and propagate at the planar interface of metal and dielectric. If these propagating waves
on the metal surface are isolated, which means that the planar surface becomes
subwavelength metal particles sitting on the dielectric surface, the propagating surface
plasmon wave becomes a non-propagating wave. The free electrons in the metal particles
can also be excited by direct light illumination. The induced electron oscillation in the
nanoparticle is called localized surface plasmon resonance (LSPR).
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For gold and silver nanoparticles, the resonance wavelengths are at visible
frequency. Comparing with SPPs, localized surface plasmon resonance wavelength is
strongly depended on the geometry and size of the nanoparticle. To understand the
physics of localized surface plasmons, we first consider the interaction of metal
nanoparticles and electromagnetic wave. To simplify the problem, we consider a metal
nanosphere with radius a, dielectric constant ɛ𝑚 , location at origin x = y = z = 0. The
sphere is illuminated by a z polarized EM wave with wavelength λ propagating along x
axis. The sphere is embedded in a medium with dielectric constant ɛ𝑑 . The problem is
illustrated as shown in figure 1.4.

z
2

r=a

Ei

x

y
Figure 1.4. Illustration of a metal sphere (a << λ) illuminated by an EM wave.

The electric field of incident wave can be expressed as,
𝑬 = 𝑬𝒙 𝒂𝒙 + 𝑬𝒚 𝒂𝒚 + 𝑬𝒛 𝒂𝒛 .
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(1.70)

For z polarization, 𝑬𝒙 = 𝑬𝒚 = 𝟎. Assuming the metal sphere size is much smaller
than the wavelength (a << λ), the quasi-static approximation is satisfied. The phase of the
harmonically oscillating electromagnetic field is assumed as constant over the particle
volume. Therefor the magnitude of E is also a constant in time, so we obtain
𝜕𝑬
𝜕𝑩
= 0 𝑎𝑛𝑑
= 0.
𝜕𝑡
𝜕𝑡

(1.71)

The metal sphere is a conductor therefore there is no net charge density. So that
∇∙𝑬=0

(1.72)

∇ × 𝑬 = 0.

(1.73)

In order to find the Electric field inside and outside of the sphere, we need to
calculated scalar potential 𝜙(𝑥, 𝑦, 𝑧), the field then can be obtained from
𝑬 = −∇𝝓.

(1.74)

The scalar potential can be solved from Laplace’s equation in spherical coordinate
∇2 𝝓(𝒓, 𝜽, 𝝓) = 0.

(1.75)

Through separation of variables for 𝑟, 𝜃, 𝜙.The general solution is expressed as:
∞

𝝓𝒓,𝒎 (𝒓, 𝜽, 𝝓) = ∑[𝐴𝑙 𝑟 𝑙 + 𝐵𝑙 𝑟 −(𝑙+ ) ]𝑃𝑙𝑚 (cos 𝜃)𝑒 −𝑖𝑚𝜙 .

(1.76)

𝑙=0

Apply boundary conditions to solve A and B, boundary conditions for metal
sphere give, for inside and outside of sphere
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𝑬𝑜𝑢𝑡 ⟶ 𝐸0 𝒂𝒛 𝑤ℎ𝑒𝑛 𝒓 ⟶ ∞

(1.77)

𝑬𝑖𝑛 ⟶ 𝑓𝑖𝑛𝑖𝑡𝑒 𝑤ℎ𝑒𝑛 𝒓 ⟶ 0.

(1.78)

For E on the surface of sphere, the normal component Dr is continuous across
boundary, we obtain
ɛ𝑖𝑛 𝑬𝑟,𝑖𝑛 = ɛ𝑜𝑢𝑡 𝐸𝑟,𝑜𝑢𝑡 .

(1.79)

In addition, the tangential component, 𝑬𝜃 , 𝑬𝜙 are continuous across boundary.
By excluding the results that violate the boundary conditions and drop the ϕ term
due the azimuthal symmetry. We obtain electric field inside and outside sphere

𝑬𝒊𝒏 (𝑥, 𝑦, 𝑧) = 𝐸0 (

3ɛ𝑑
)𝒂
ɛ𝑚 + 2ɛ𝑑 𝒛

(1.80)

ɛ𝑚 − ɛ 𝑑
1
𝑬𝒐𝒖𝒕 (𝑥, 𝑦, 𝑧) = 𝐸0 𝒂𝒛 + 𝑎3 𝐸0 (
) [ 3 𝒂𝒛
ɛ𝑚 + 2ɛ𝑑 𝑟
3𝑧(𝑥𝒂𝒙 + 𝑦𝒂𝒚 + 𝑧𝒂𝒛 )
−
].
𝑟5

(1.81)

The scalar potential 𝝓 can be expressed as
3ɛ𝑑
)𝐸 𝑟 cos 𝜃
ɛ𝑚 + 2ɛ𝑑 0

(1.82)

ɛ𝑚 − ɛ𝑑
cos 𝜃
𝝓𝒐𝒖𝒕 (𝑟, 𝜃) = −𝐸0 𝑟 cos 𝜃 + (
) 𝐸0 𝑎3 2 .
ɛ𝑚 + 2ɛ𝑑
𝑟

(1.83)

𝝓𝒊𝒏 (𝑟, 𝜃) = −(
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It can be seen that 𝝓𝒐𝒖𝒕 (𝑟, 𝜃) indicates the superposition of applied filed and the
field that comes from a dipole located at the particle center. To rewrite the 𝝓𝒐𝒖𝒕 (𝑟, 𝜃) by
introducing the dipole moment P as

𝝓𝒐𝒖𝒕 (𝑟, 𝜃) = −𝑬0 𝑟 cos 𝜃 +

𝑷 = 4𝜋ɛ𝑚 ɛ𝑑

𝑷·𝒓
4𝜋ɛ𝑚 ɛ𝑑 𝑟 3

ɛ 𝑚 − ɛ𝑑
𝑬 .
ɛ𝑚 + 2ɛ𝑑 0

(1.84)

(1.85)

The dipole moment P is defined as: 𝑷 = ɛ𝑚 ɛ𝑑 𝐸0 𝛼. Where 𝛼 is the polarizability
and can be expressed as

𝛼 = 4𝜋𝑎3

ɛ𝑚 − ɛ𝑑
.
ɛ𝑚 + 2ɛ𝑑

(1.86)

The polarizability 𝛼 of a small sphere is shown in equation 1.82. It should be
noted that the polarizability experiences a resonant enhancement under condition that
|ɛ + 2ɛ𝑑 | is a minimum. This condition can be written as
𝑅𝑒[ɛ(𝜔)] = −2ɛ𝑑 .

(1.87)

This condition is also known as Frohlich condition and associated to mode in the
dipole surface plasmon of the metal nanoparticles. Recall the dielectric function we
obtained from equation 1.48, when frequency ω is very large and close to the bulk metal
plasma frequency 𝜔𝑝 the dielectric function ɛ(𝜔) is predominantly real and can be
written as

ɛ(𝝎) = 𝟏 −

𝝎𝟐𝒑
.
𝝎𝟐
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(1.88)

By using the Frohlich condition, we obtain 𝜔0 = 𝜔𝑝 ⁄√3, this result indicates the
strong dependence of resonance frequency on the dielectric medium that surrounds the
metal sphere. Therefore we can see an important conclusion that the resonance
wavelength red-shifts as ɛ𝑑 of the dielectric medium is increased. This is the main reason
that metal nanoparticles are extremely useful for optical sensing of changes in refractive
index.
Subwavelength metal nanoparticle usually exhibits interesting optical scattering,
absorbance and coupling properties. The ability to scatter, absorb and coupling light is
depend on the nanoparticle geometries and materials. To quantify this ability, we use
scattering cross section 𝐶𝑠𝑐𝑎 and absorption cross section 𝐶𝑎𝑏𝑠 to determine. The
corresponding 𝐶𝑠𝑐𝑎 and 𝐶𝑎𝑏𝑠 can be calculated through the Poynting-vector, we obtain
4

𝐶𝑠𝑐𝑎 =

𝐶𝑎𝑏𝑠 =

6𝜋

|𝛼|2 =

4 6

8𝜋

𝑎

3

|

ɛ𝑚 − ɛ 2
|
ɛ𝑚 + 2ɛ

ɛ𝑚 − ɛ
𝐼𝑚|𝛼| = 4𝜋 𝑎3 𝐼𝑚 |
|.
ɛ𝑚 + 2ɛ
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(1.89)

(1.90)
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Figure 1.5. Calculated scattering cross section of a gold nanosphere with radius of 70 nm.

1.3.4 Introduction to extraordinary optical transmission.
We have discussed the surface plasmon polaritons that are excited and
propagating on the planar metal/dielectric interface. We also discussed localized surface
plasmon resonance in the metal particles. The surface patterning on the metal thin film
can create subwavelength nanoparticles and nanoapertures. If we focus on the vertical
direction and looking at the transmittance and reflectance of thin film, it is known that for
nanoparticles, transmission minimum can be found at the localized surface plasmon
resonance wavelength and reflection peak can be found at resonance. For nanoapertures
in opaque metal film, enhanced transmission can be found at resonant wavelength. This
phenomenon was reported first by T.W. Ebbesen in 1998 and known as extraordinary
optical transmission [30].
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Figure 1.6 shows a SEM image of nanohole array fabricated on a gold thin film
by using E-beam lithography in UAH cleanroom. The nanohole array was fabricated on a
60 nm thick gold film deposited on a glass wafer.

Figure 1.6. SEM image of a nanohole array fabricated in gold film.

The transmittance/reflectance from the array were calculated with the FDTD
technique by using a software developed by Lumerical Solution. Figure 1.7 shows the
transmission spectrum of a nanohole array. The diameter of the nanohole is 160 nm. The
thickness of the gold film is 60 nm. The period is 480 nm.
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Figure 1.7. (a) Transmittance spectrum of a nanohole array sits on a glass wafer. (b) Near
electric field distribution of a unit cell at the bottom of a hole at resonant
wavelength.

The transmittance peak wavelength indicates localized surface plasmon resonance
of the nanoholes excited by the incident of a polarized light. The two peaks in the
transmission spectrum corresponding to two different localized surface plasmon
resonance at the top opening and at the bottom of the holes. Figure 1.8 shows the near
electric field distributions of a single unit cell at the cross-section of the nanohole. Figure
1.8 (a) shows the near electric field distribution at resonance of the first peak at
wavelength of 655 nm. Figure 1.8 (b) shows the near electric field distribution at
resonance of the second peak at wavelength of 789 nm. In Figure 1.8, the electric field
enhancement is defined as the ratio of the calculated local electric field amplitude over
the field amplitude of the incident plane wave.
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(a)

(b)

Figure 1.8. Cross section of the near electric field distribution of a nanohole array unit
cell at resonance wavelength. (a) Electric field distribution at resonant
wavelength of 656 nm. (b) Electric field distribution at resonant wavelength
of 789 nm. The electric profiles are plotted in logarithmic scale.

From the near electric field distribution at the cross section of nanohole. It can be
seen that the transmission peak at the shorter wavelength in figure 1.8 is related to the
electron oscillations at the opening of the naonohole. For the transmission peak at the
longer wavelength at 789 nm, this localized surface plasmon resonance is related to the
electron oscillations at the bottom of the holes. It also should be noted that the
transmission increase at wavelength of 500 nm is related the intrinsic resonance of gold
thin film.
Since the discovery of extraordinary optical transmission from subwavelength
nanoholes in metal film, nanoapertures with different geometry shape and size were
investigated. The optical properties of nanoholes array with shapes such as
rectangular [31, 32], circular [33–35], bowtie [36] and triangular [37] are researched.
Among all these geometry shapes, circular holes draw a lot of attentions, the resonant
wavelength of cylindrical nanohole array is determined by the radius, depth and the
periodicity of array. Circular nanohole array resonant wavelength is very sensitive to the
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change of refractive index on the top and also in the cylindrical cavities. This type of
nanohole array shows great potential in biochemical sensing applications due to its high
sensitivity and capable of being used also as a microfluidic plasmonic device [38].

1.3.5 Introduction to guided mode resonance in photonic crystals
R. Magnusson and Wang first demonstrated and proposed to use Guided-Mode
Resonance effect for optical filters and sensor applications in 1992 [39]. The proposed
planar dielectric waveguide grating structure functions simultaneously as a diffraction
grating and waveguide. The zeroth order spectrum reveals sharp resonances under
broadband plane-wave illumination. The guided mode resonance effect happens when the
incident wave is coupled by a diffraction grating through diffraction mode to a
waveguide mode in a high refractive index layer. The guided mode that travels in the
waveguide slowly leaks out. The leaky wave interferes with the incident wave to produce
the filtering response. This effect creates sharp resonance in the reflectance spectrum
with a narrow line-width [39–41]. The guided mode resonance devices that proposed to
be used as optical filters showed attractive features such as polarization sensitivity and
high transmission efficiency with narrow line-width. Meanwhile, the guided mode
resonance devices are highly desirable for using as sensors with ultra-high sensitivity,
multi-mode compatibility and complete extractable information [42, 43].

1.3.6 Introduction to lab-on-fiber plasmonic sensors
Nanostructure plasmonic biochemical sensors are promising for many
applications in biochemical detection, surface enhanced Raman scattering, medical
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diagnostics, food safety and environmental monitoring. Nanoplasmonic biochemical
sensors are label-free sensors that utilize localized surface plasmon resonance (LSPR)
shift of metal nanostructures to detect presence of biological and chemical agents.
Traditionally, nanostructure plasmonic biosensors are made on wafer substrates.
Recently, there is increasing interest to integrate nanostructure plasmonic sensors to
optical fibers to create a new biosensor platform called “lab-on-fiber”. “Lab-on-fiber”
sensor platform eliminates the hassle of free-space optical alignment, which has many
advantages over the traditional “lab-on-chip” sensor platform. The “lab-on-fiber”
biosensors include using tapered fiber, U-shaped fiber, photonic crystal fiber, side
polished fiber, fiber tip modifications. One type of “lab-on-fiber” nanoplasmonic sensors
is the fiber-tip plasmonic sensor in which plasmonic nanostructures are fabricated on the
cleaved facet of a single mode or multi-mode fiber. Various nanofabrication technologies
have been applied to fabricate plasmonic nanostructures on the fiber facets including UV
photolithography, nanoimprinting, electron-beam lithography, focused ion-beam milling,
femtosecond laser ablation, and etc.

1.3.7 Introduction to plasmonic biochemical sensing platforms
To use localized surface plasmon resonance for biochemical and biomedical
sensing, the refractive index change and the interaction between molecular and
nanoparticles needs to be quantified and visualized through proper optical measurement
setup. For Kretschmann configurations, a monochromatic light source is used to excite
the surface plasmon resonance on a planar gold surface. Reflectance spectra are measured
for different incident angles. To observe the shift of resonant wavelength, corresponding
refractive index change on the gold surface can be determined. Figure 1.9 shows
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illustration of a Kretschmann configuration measurement setup. The analyte (chemicals)
is usually applied on the top of the gold thin film, a prism under the metal layer is used to
couple excitation light to the bottom side of the surface. The angle θ is adjustable to scan
the incident angle. The minimum reflectance can be found at certain angle when surface
plasmon resonance is excited. After chemical is applied on the surface, this minimum
will be shifted to different angles.

Analyte
Gold thin film
θ

Prism
Detector

Source

Figure 1.9. Illustration of the Kretschmann configuration for SPR measurement.

For localized surface plasmon resonance measurement, there are different ways to
measure the reflectance spectrum. The excitation of localized surface plasmon resonance
does not depend on the incident angle. The angle can be both normal incident and oblique
incident. Transmission spectrum is easy to be measured. Due to the limitation of
nanostructure fabrication, the total areas of patterned nanostructures are usually in the
size of millimeter and micrometer. Therefore, excitation light needs to be focused to that
effective area during the measurement. Generally speaking, the measurement setup of
localized surface plasmon resonance can be categorized into free space and fiber based
configurations.
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For free space measurement, multiple optical components such as microscope
objective, linear polarizer, optical attenuator, achromatic lens, optical mirror and an
optical collimator are used. Figure 1.10 show free space reflection and transmission
measurement setup.
(a)

Polarizer

Mirror
Broadband laser

Spectrometer

Collimator

Device
Optical attenuator

Achromatic lens, 400 mm FL

Spectrometer

(b)

Broadband laser

Polarizer

Device

Collimator

Mirror
Optical attenuator
Achromatic lens, 400 mm FL

Figure 1.10. Illustration of localized surface plasmon resonance free space measurement.
(a) Reflection measurement setup. (b) Transmission measurement setup.

For the measurement illustrated in Fig. 1.10. A broadband light with spectral
range from 400 nm to 2400 nm passes through a 10x microscope objective to form a
collimated light. The collimated light then passes through an optical variable attenuator to
prevent spectrometer sensor saturation. The polarization of the incident light was
controlled by using a linear polarizer. By using an achromatic lens for focusing the
broadband light, we can reduce the dispersion of the lens in visible spectrum at the focal
point. The incident light after focusing becomes a beam with size of about 185 μm (the
patterned nanostructure array fabricated by E-beam lithography normally has size about
300 μm by 300 μm). The reflected and transmitted light are then collected by a fiber
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optical collimator and sent to the optical spectrometer. Eventually plotted on the
computer as wavelength versus reflectance/transmittance. In addition, localized surface
plasmon resonance can also be measured in first order diffraction in the transmission
mode. Figure 1.11 shows a SPR sensor chip with five localized surface plasmon
resonance nanohole arrays on a Pyrex glass substrate.

Figure 1.11. A LSPR sensor chip with five nanohole arrays on a gold thin film on a glass
substrate. Nanohole arrays are enclosed by the red rectangular.

Figure 1.12 shows the free space optical measurement setup in UAH
nanophotonics lab. The light source is output from a broadband laser with optical fiber
pigtail then collimated by a microscope objective. The order of objects is in accordance
with the order described in Figure 1.10.
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Figure 1.12. Pictures of localized surface plasmon resonance free space measurement
setup in the reflection mode.

Another useful setup is using optical fibers to measure optical reflection and
transmission. Figure 1.13 shows illustration of the optical fiber based system.
(a)

Optical fiber probe
Available for different beam size

Optical Collimator

(b)
Polarizer
Broadband
Source

Attenuator
BS

Spectrometer
Broadband source with
polarizer and filter

Spectrometer

Figure 1.13. The optical fiber based SPR measurement system. (a) Oblique incident
reflection/transmission measurement system, (b) Normal incident
reflection/transmission measurement system.
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For measurement setup as shown in Fig. 1.13 (b), the fiber probe has core size of
65 μm. This is convenient for testing chip size smaller than 100 μm. The fiber tip is
equipped with FC/APC type connector. The angled physical contact (APC) connector has
8°angle on the tip which prevent damaging the sensor surface during the measurement.
Figure 1.11 shows pictures of fiber tip probe for localized surface plasmon resonance
chemical sensing and illustration of the angled fiber tip.

8°

Figure 1.14. Localized surface plasmon resonance measurement system based on optical
fiber.

For localized surface plasmon resonance biochemical sensing, the refractive index
change in the surrounding chemical solution can be visualized through observing the
peak resonant wavelength shift from reflection and transmission spectrum. Here are two
examples of chemical sensing by using free space system as shown in figure 1.10 (a) and
by using optical fiber based system as shown in figure 1.13 (b). Figure 1.15 shows two
plasmonic devices that being used as sensor. Figure 1.15 (a) shows SEM image of a
nanotrench array fabricated on a thick gold film that used as a SPR chemical sensor [44].
The measurement results are shown in Fig. 1.15 (c). This sensor was first measured
without chemical on the surface with the results plot in black curve. The measured in DI
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water and IPA plot in red and blue, respectively. The shift of reflectivity minimum in the
spectrum indicates the refractive index difference of water and IPA of 1.33 and 1.37,
respectively.

(a)

(b)

400 nm

400 nm

(c)

(d)

Figure 1.15. Some sensor SEM images and measurement results of LSPR sensor for
chemical sensing applications.

Figure 1.15 (b) shows a SEM image of nanocave array that fabricated on the gold
film by using nanoimprint method [45]. This devices was measured with optical fiber
based system for monitoring antigen-antibody binding interaction. Instead of simple
refractive index sensing, this device was immobilized with antibody on the gold surface
which can bind with other antigens. The measurement results are shown in figure 1.15
(d). This figure indicates a successful immobilization of antibody on the gold surface by
measuring the resonant wavelength shift in the reflection spectrum of the sensor.
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In chapter three, we demonstrate a method to measure localized surface plasmon
resonance in the first order diffraction. Not all the surface plasmon resonance in
nanoparticles can be measured from diffraction, because for single particles and
subwavelength periodic particle arrays in visible range, scattering are omnidirectional.
For nanoparticle array, if the device is designed with appropriate grating period,
diffraction patterns can be captured with a CCD camera and then plotted as intensity
verses wavelength. Figure 1.16 shows the diffraction measurement setup.

Figure 1.16. Optical setup for measuring surface plasmon resonance in the first order
diffraction with a CCD camera.

During the measurement, the zeroth order transmission spot and the CCD position
are recorded. By moving the CCD to a proper location and capture the first order
diffraction image and recording the second location, distance x from zeroth order and
first order can be calculated with a calibration HeNe laser source (633 nm). Figure 1.14
shows the measurement procedure and data process. Figure 1.17 (a) shows a raw data that
was collected by CCD camera (480*720 pixels). The diffraction pattern image then was
processed in the Matlab code to align with actual CCD pixels. The intensity of each pixel
is with range from 0 to 255. Figure 1.17 (b) shows the processed image with pixel
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locations and corresponding intensities. The pixel intensities in the same columns are
adding up together then plot as figure 1.17 (c).

(a)

(b)
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Figure 1.17. Diffraction spectrum measurement and data process steps. (a) Raw image.
(b) Processed with Matlab code. (c) Raw intensity data.

The distance z from device surface to CCD can be calculated with diffraction
angle and displacement distance x of the HeNe laser (633 nm). Then all the wavelength
from 500 nm to 1000 nm within the CCD response can be calculated and plot as shown in
Figure 1.18.
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Figure 1.18. Localized surface plasmon resonance measured with CCD camera in first
order diffraction.

1.4 Outline of this dissertation
The outline of this dissertation is as follows. The introduction of surface plasmon
resonance, localized surface plasmon resonance, history of Nanoantenna, guided mode
resonance in dielectric grating and optical biochemical sensing platforms are discussed
1.1, 1.2 and 1.3 in Chapter one. In Chapter two, the study of reduced waist width diabolo
nanoantenna arrays is provided. By varying both the waist width and the array period of
diabolo antenna, it is found that reducing the waist width significantly shifts the resonant
wavelength to longer wavelength and greatly enhances the near magnetic field, while
changing the antenna array period also changes the resonance wavelength but has less
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effect. One of the motivations of the research is to demonstrate a new type of
nanoantenna with greatly enhanced near magnetic field that highly potential to be used
for biomedical applications. In Chapter three, a hybrid super-periodic nanohole grating is
investigated on two types of nanostructures, the dielectric nanohole grating and the
hybrid metal nanohole array assisted dielectric grating which we termed as hybrid
plasmon photonic crystal grating. The concept of guide mode resonance biochemical
sensing is demonstrated experimentally. A bovine serum albumin (BSA) solution sample
with a concentration of 80 μg/mL was detected with this sensor. In chapter four, a cavity
enhanced nanohole array plasmonic chemical sensor that was fabricated on an optical
fiber tip is investigated. In chapter five, the localized surface plasmon resonance for
immunoassay application is investigated. In chapter six, the summary and the suggested
future works of this research are discussed.

41

SURFACE PLASMON RESONANCE IN DIABOLO
NANOATTENNA ARRAYS

2.1 Introduction
Optical antennas have been extensively investigated in the past decade for
potential applications such as biochemical sensing [46, 47], surface enhanced Raman
spectroscopy (SERS) [48, 49], optical tweezers [50], and photochemistry [51–53].
Earlier studies have focused on bowtie optical antennas with different bowtie shaped
metal patches and apertures [54–65]. Recently, rectangular metal bar optical antenna
arrays have been investigated due to the easy tuning of the resonance wavelength and
near-field spatial distributions through modifying the antenna aspect ratio, pitch and
substrate index of refraction [66–72]. Diabolo antennas are variations of rectangular
metal bar antennas with the reduced waist width. Recent studies have shown that strong
magnetic field enhancements around the narrow waist of the diabolo antennas, which has
proven useful for low power nano-particle optical vortex trapping to reduce heating and
damaging in biological particles [73]. The antenna parameters significant for near field
enhancement in diabolo antennas are the thickness of the metal film, the length, array
period, and width of the waist. Previous investigations predicted that thinner metal film
thicknesses and smaller central strip widths produce larger magnetic field enhancements,
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with electromagnetic simulations indicating that this induces resonance wavelength redshifts [74]. Earlier we numerically investigated that the scattering and absorption cross
sections of single metal bar optical antennas can be increased by narrowing the waist of
the diabolo bars and that the resonance shifts to longer wavelength by reducing the waist
of metal bars [75]. In this work, metal diabolo antenna arrays with various waist widths
and periods are fabricated on a sapphire substrate. Then optical reflectance and
transmittance of the fabricated diabolo optical antenna arrays are measured by using a
FTIR spectrometer. It is found that the structure, in terms of the resonance wavelength
shifting, responds significantly to reductions in waist width as opposed to changes in
array period given that they are changed by the same amount in dimension. It is also
found that magnetic field enhancement near the diabolo waist is proportional to the
resonance wavelength shift.

2.2 Design and fabrication of diabolo nanoantenna array
Figure 2.1 shows the process of fabricating the diabolo Nanoantenna. Diabolo optical
antenna arrays of various waists and periods were fabricated by using an e-beam
lithography and lift-off process on a sapphire substrate. During the fabrication process,
the sapphire substrate was first cleaned with acetone and DI water. A PMMA 495k ebeam resist layer was spin-coated on the sapphire substrate at the spin speed of 2000 rpm.
The substrate was then baked on a hot plate at 180 °C for 120 seconds. Narrow waist bars
were patterned by using electron beam lithography. After the e-beam lithography
patterning, the sample was developed in the solution of 1:3 MIBK/IPA for 150 seconds
and rinsed by using the IPA solution and followed by a spin-dry process. A 2 nm
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chromium layer, 33 nm gold film was evaporated on the patterned sample, with Cr
serving as the adhesion layer. A lift-off process was carried out in acetone for 12 hours,
resulting in periodic arrays of narrow waist diabolo gold bars on the sapphire substrate.
The length of the narrow waist metal bars was kept at 1.1 μm, while the width at the ends
was maintained at 260 nm. Each antenna array has a 250 μm by 250 μm area and the
antenna arrays are separated by 3 mm distance. We fabricated metal bar optical antenna
arrays with four periods of P = 2.6 μm, 2.7 μm, 2.8 μm, and 2.9 μm. For each period, we
fabricated five antenna arrays with waist width of 60 nm, 80 nm, 140 nm, 200 nm, 260
nm for each array, respectively.
a) Spin coating photoresist

b) E-Beam pattern writing

c) Develop

Photoresist
Sapphire

d) Evaporate adhesion layer (Cr)

Sapphire

e) Evaporate gold layer

Sapphire

f) Lift-off

Sapphire

Figure 2.1. Illustration of the fabrication process of the diabolo antenna. The process
starts from step (a) to step (f).

The fabricated device was imaged using a scanning electron microscope (SEM).
Figure 2.2 shows SEM images of four arrays. Narrow waist gold metal bars are arranged
periodically on a sapphire substrate with equal periods in the two lateral x and y
directions. In this figure, all arrays have the same period of 2.7 μm but different waist
widths. The insert to Figure 2.2 (a) indicates parameterizations of a single diabolo
antenna with waist width w = 60 nm. The example arrays pictured in Figure 2.2 (a)-(d)
have waist widths of 60, 80, 140, and 260 nm. The thickness of the gold metal bar
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antenna is 33 nm in the z direction. When the waist width is equivalent to the end width,
i.e. w = 260 nm, the metal optical antennas become rectangular metal bars.

Figure 2.2. SEM images of diabolo antenna arrays fabricated on a sapphire substrate.
Diabolo antenna arrays with waist widths of (a) 60 nm， (b) 80 nm， (c)
140 nm and (d) 260 nm (rectangular bars). All the antenna arrays have the
same period of 2.7 micron. The inset to (a) shows parameters identifying
diabolo antenna geometry.

The antenna array with period of 2.7 um was selected for publication purposes. In
addition, we also fabricated diabolo antenna arrays with different period. The rest of the
arrays are shown in Fig. 2.3, Fig. 2.4 and Fig. 2.5. In this figure 2.3, all arrays have the
same period of 2.6 μm but different waist widths. The example arrays pictured in Figure
2.3 (a)-(d) have waist widths of 60, 80, 140, and 260 nm.
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(a)

(b)

1 μm

1 μm

(c)

(d)

1 μm

1 μm

Figure 2.3. SEM images of diabolo antenna arrays fabricated on a sapphire substrate.
Diabolo antenna arrays with waist widths of (a) 60 nm， (b) 80 nm， (c)
140 nm and (d) 260 nm (rectangular bars). All the antenna arrays have the
same period of 2.6 micron.
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(a)

(b)

1 μm
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(c)

(d)

1 μm

1 μm

Figure 2.4. SEM images of diabolo antenna arrays fabricated on a sapphire substrate.
Diabolo antenna arrays with waist widths of (a) 60 nm， (b) 80 nm， (c)
140 nm and (d) 260 nm (rectangular bars). All the antenna arrays have the
same period of 2.8 micron.
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Figure 2.5. SEM images of diabolo antenna arrays fabricated on a sapphire substrate.
Diabolo antenna arrays with waist widths of (a) 60 nm, (b) 80 nm, (c) 140
nm and (d) 260 nm (rectangular bars). All the antenna arrays have the same
period of 2.9 micron.

2.3 Reflection spectrum measurement from diabolo antenna arrays
Transmission and reflection spectra from fabricated antenna arrays were
measured using a Thermoscientific Nicolet Continuum FT-IR microscope using a
Cassegrain reflective objective (15x, 0.58 numerical aperture) that illuminates the full 50
um x 50 um array over a range of incidence angles spanning ~10°to 35°from the surface
normal, with a weighted average angle of approximately 22°. Polarization of the incident
light was aligned with the antenna’s long axis. Spectra collected with polarization set
transverse to the antennas produced no spectral features in the IR region. The relative
reflectivity is used for analysis purpose. Relative reflectivity is defined as the reflection
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from antenna arrays subtracted by the reflection from bare sapphire substrate. In the
experiment, we focus only on observing the resonant wavelength shift caused by
changing waist width, and changing array period for the nanostructure. The experimental
reflectance and transmittance are shown by the solid curves in Fig. 2.6, with the
resonance wavelengths in reflection and transmission summarized in Table I. We
observed that decreasing diabolo waist width causes the resonance wavelength significant
red-shift, with spectral shifts on the order of X observed for the corresponding reduction
in waist width of Y. The total reflectance resonance wavelength red-shift is 661 nm with
diabolo waist decreasing from 260 nm to 60 nm, while the total red-shift for
transmittance is 787 nm. However, while the array period changes from 2.6 μm to 2.9
μm, the total resonance wavelength shift is 146 nm in reflection spectrum and 167 nm in
transmission spectrum. We noticed that reducing the waist width is more efficient to than
increasing the period for tuning the resonance wavelength.
Table 2.1. Different diabolo antenna arrays correspond to the measured
reflectance and transmittance resonant wavelength (μm).
Device

A

B

C

D

E

F

G

H

I

P (μm)

2.7

2.7

2.7

2.7

2.7

2.6

2.7

2.8

2.9

w (nm)

60

80

140

200

260

60

60

60

60

 res of R

5.088

5.026

4.719

4.577

4.427

5.042

5.088

5.144

5.188

 res of T

5.108

4.961

4.663

4.539

4.321

5.034

5.108

5.146

5.201
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Figure 2.6. Measured relative reflectivity and transmittance spectra from diabolo antenna
arrays of different waist widths and periods: (a) Relative reflectivity of
different waist width with the same period 2.7 μm. (b) Transmittance of
different waist width with the same period 2.7 μm. (c) Relative reflectivity of
different period but with the same waist width 60 nm. (d) Transmittance of
different period but with the same waist width 60 nm. The insert in (a) and
(b) shows the variation in peak position with waist width. The insert in (c)
and (d) shows the variation in peak positon with period.

2.4 FDTD simulations of reflection from diabolo antenna arrays
Optical transmittance and reflectance were simulated using commercial finite
different time domain (FDTD) software developed by Lumerical Solution, Inc. The unit
cell of the simulation has a size of -1.35 μm to 1.35 μm in both the x and the y directions.
In the z direction, the simulation area is from -1 μm to 2 μm. A plane wave propagates
from +z direction to –z direction normally incident on the diabolo shaped metal bar
structure. The incident light polarization is along the x direction parallel to the metal bar
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orientation. Two far field plane power monitors are placed on both sides of the
nanostructure layer to calculate the transmittance and reflectance. Another near field
power monitor lays in the middle of the gold layer at z=16.5 nm. Perfectly matched layer
(PML) boundary conditions are used in the z direction above and below the antenna
structure. Periodic boundary condition is used in the x and y directions. The electric
permittivity of the gold (Au) and chromium (Cr) used in numerical simulations are from
Palik’s Handbook of Optical Constants [76]. The transmittance and reflectance
simulations results from Fig. 2.7 are summarized in terms of reflection and transmission
resonance wavelengths correspond to diabolo antenna arrays in Table II. We also
observed the resonance wavelength red-shift with decreasing waist width and the blueshift with decreasing array period in approximately same amount as the experimental
results. In Fig. 2.7, we also note two significant features which are not observed from
experimental results. The reflectance and transmittance in simulations are showing (i) an
obvious spectrum broadening with decreasing the waist width, (ii) the intensity
decreasing for smaller waist width but we do not observe this two phenomena from
experimental results. In the SEM images in Fig. 2.2, we can observe that the shapes of
fabricated diabolo antennas are not precisely follow our designs due to the uncertainty of
electron beam lithography process which revealed by rounding corners at both side of the
antenna and rounding corners at the apex of the waist width. Also the uncertainties of
material properties should also be taken into account. However, the rounding corners can
be modified during the simulations. After taking the rounding corners issue into account
in simulations, it can be seen from the inserts in Fig. 2.7 that the spectral resonance peak
positions are in excellent agreement with the experimental results. Nevertheless, we note
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from both experimental and simulations results that reducing the waist widths in the
rectangular bars is a much more useful way for tuning the resonance wavelength.
Table 2.2. FDTD simulation results of different diabolo antenna arrays
correspond to the reflectance and transmittance resonant wavelength.
Device

A

B

C

D

E

F

G

H

I

P (μm)

2.7

2.7

2.7

2.7

2.7

2.6

2.7

2.8

2.9

w (nm)

60

80

140

200

260

60

60

60

60

 res in R

5.113

4.988

4.755

4.565

4.497

5.062

5.113

5.169

5.216

 res in T

5.137

4.993

4.765

4.561

4.492

5.116

5.137

5.168

5.211

Figure 2.7. Numerically simulated reflection and transmission spectra. (a) Reflectance of
diabolo antenna array with different waist width and array period 2.7 μm. (b)
Transmittance of diabolo antenna arrays with different waist width and
period 2.7 μm. (c) Reflectance of different diabolo antenna array periods but
same waist width (w) of 60 nm. (d) Transmittance of different diabolo
antenna array periods but same waist width of 60 nm.
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2.5 Near electromagnetic field distributions and enhancements
It is known from previous studies that reducing the width of waist in a diabolo
antenna increases the magnetic field enhancement and shifts the resonance to longer
wavelengths. However, the quantitative relation between magnetic field enhancement and
resonance wavelength shift is unknown. In Fig. 2.8 we observed the near field
enhancement distributions that normalized to the incident at resonance wavelength of
diabolo antenna with w = 60 nm and w = 260 nm. We numerically calculated near field
distributions in one unit cell area with size 2.7 μm × 2.7 μm in x-y plane, a plane near
field power monitor lays in the middle of the gold layer at z= 16.5 nm. We observed that
the near magnetic field for waist width 60 nm are greatly enhanced than the diabolo
antenna with waist width 260 nm at their respective resonance wavelengths, Fig. 2.8 (b)
(d). The magnetic field is enhanced 52 times greater than the initial value at the resonant
wavelength for diabolo antenna with w = 60 nm, while the magnetic field is enhanced 28
times greater than the initial value for the antenna with w = 260 nm. We also observed
that the near electric field enhancement changes only a very small amount for these waist
sizes. According the Ampere’s law, the tapered waist in the center of metal bar causes the
current density to increase and induces a strong magnetic field distribution around the
narrow waist. For diabolo antenna with smaller waist width, the current density in the
waist increases more than the antenna with lager waist width. In the traditional diabolo
antenna, the enhanced magnetic field is azimuthally polarized around the central metal
strip. For the diabolo antenna in this paper, it is found that the enhanced magnetic field is
concentrated around the narrow waist of metal bar and the maximum enhancement is at
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the apex of the waist width, then the magnetic field distribution is gradually decreased as
the waist width increases.

Figure 2.8. (a) Electric field intensity enhancement profile of diabolo metal bar antenna
w= 60 nm. (b) Magnetic field intensity enhancement profile of diabolo metal
bar antenna w = 60 nm. (c) Electric field intensity enhancement distribution
of rectangular metal bar antenna w = 260 nm. (d) Magnetic field intensity
enhancement distribution of rectangular metal bar antenna w= 260 nm.

To further understand the phenomenon that reducing the waist width significantly
causing the resonance wavelength shift. A point monitor was placed close to the diabolo
antenna waist where the maximum of magnetic field is located. In figure 2.9 we show the
magnetic enhancement of diabolo antennas varying with waist widths and periods. Figure
2.9 (a) shows the magnetic field enhancement of diabolo antenna arrays with different
waist widths, but having fixed period 2.7 μm. It can be seen that the magnetic field of
diabolo antenna array with 60 nm waist is enhanced 52 times greater than the initial
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value. The enhancement of rectangular metal bar antenna array with 260 nm waist width
is 28 times greater than the initial value. Then we keep the waist width at 60 nm and
change the period from 2.6 μm to 2.9 μm. In Figure 2.9 (b) we found that the magnetic
field enhancement difference between periods from 2.6 μm to 2.9 μm is relatively small.
The magnetic field enhancements for diabolo antenna array with 2.9 μm period and 2.6
μm period is enhanced 54 times and 50 times than the initial value, respectively. It also
can be seen that stronger the magnetic field enhancement corresponds to a longer
resonance wavelength. We note that the magnetic field enhancement is proportional to the
resonance wavelength shift.

Figure 2.9. (a) Magnetic field enhancement of 2.7 μm period diabolo antenna arrays with
different waist widths. (b) Magnetic field enhancement of 60 nm waist width
diabolo antenna arrays with different periods.

2.6 Summary
In summary, we investigated plasmon resonance spectra of diabolo antenna arrays
through experiment and numerical simulations. We fabricated a complete set of diabolo
optical antenna arrays with different waist widths and array periods on a sapphire
substrate using a standard e-beam lithography and liftoff process. The antenna arrays
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were characterized by measuring the transmittance and reflectance with microscopecoupled a FTIR spectrometer. FDTD simulations were used for investigating the
relationship between near magnetic field enhancement and the resonance wavelength
shift. It was found that reducing the waist width significantly shifts the resonant
wavelength to longer wavelength and greatly enhances the near magnetic field, while
changing the antenna array period also changes the resonance wavelength but has less
effect. We noticed that the magnetic field enhancement in the diabolo antenna waist is
proportional to the antenna resonance wavelength shift. The capability of manipulating
the near magnetic field enhancement by reducing the waist width in diabolo antenna can
be highly useful for biomedical applications and biosensing.
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HYBRID PLASMON PHOTONIC CRYSTAL RESONANCE
GRATING FOR INTERGRATED OPTICAL
SPECTROMETER SENSOR

3.1 Introduction
In 1990s, R. Magnusson and Wang first proposed using Guided-Mode Resonance
(GMR) effect for optical filter and sensor applications [77]. Guided mode resonance
devices show a lot of advantages for optical filter and high sensitivity features for
biomedical sensing. These advantages include very narrow resonance bandwidth, label
free sensing, extremely strong response from dielectric materials, potentially better using
for high power than metal, very low optical losses and very low cost on fabrication.
These features are highly desirable for biochemical and biomedical sensing applications.
Since then, a great amount of works were focused on ultra-sensitive biosensors utilizing
guide mode resonance effect. Previous works are mainly focused on observing of surface
plasmon resonance or guide mode resonance peaks through zeroth order transmission and
reflection. However, one of the motivations in this dissertation is to demonstrate
measuring both the surface plasmon resonance and guide mode resonance in first order
diffraction through properly designing the nanostructure.
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Guided-mode resonance (GMR) in subwavelength dielectric gratings has been
extensively investigated since early 1990s due to its potential applications for optical
filters [40, 41, 78, 79]and biosensors [25, 80]. Guided-mode resonance is due to guided
optical resonance mode in periodic dielectric structures. The optical interference between
the guided resonance mode and the transmission/reflection optical wave gives rise to the
spectral selective filter effect. In subwavelength metal nanostructures such as nanohole
and nanoslit arrays in metal films, strong optical resonance effect due to excitation of
surface plasmon-polaritons has also been extensively investigated [81–86]. The optical
resonance effect, in the past, has been measured by using optical spectrometers. Surface
plasmon resonance biosensors detect the change of the refractive index of sensed medium
or the change of the thickness of the sensed thin film bonding layer by using the
commercial spectrometer to measure the surface plasmon resonance shift through zeroth
order transmission and reflection [87, 88]. Current commercial SPR biosensors are still
challenging low cost, ease of use and stability. Recently, a new surface plasmon
resonance spectrometer technique was reported by using super-period metal nanohole and
nanoslit gratings [89–92]. The new surface plasmon resonance spectroscopy technique
can be used to measure surface plasmon resonance from the first order diffraction instead
of the zeroth order transmission. In this work, we fabricated a photonic crystal resonance
grating and then coated the photonic crystal grating with thin layers of gold metal film.
The gold thin film provides a bonding medium for biomolecules [93]. A low cost CCD
camera was used to measure the SPR in the first order diffraction instead of expensive
commercial spectrometers. With the metal-dielectric plasmon optical resonance grating, a
hybrid plasmon optical resonance spectrometer biochemical sensor was demonstrated.
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3.2 Guided mode resonance in super-period photonic crystal
nanohole arrays
In photonic crystal super-period nanohole arrays, the nanoholes are arranged with
a small period of 500 nm. For every five columns of nanoholes, one column is removed.
Therefore, there is also a large grating period of P = 2500 nm. The large grating period P,
called the “super-period,” provides optical diffraction because it is larger than the
wavelength of interest. The super-period P was optimized to have a few diffraction orders
so that each has enough optical power, and also to provide a large angular dispersion for
measuring the resonance spectra of the devices. In figure 3.1 we show the traditional
periodical nanoholes array P = 500 nm and the super-period nanoholes array of P = 2500
nm.

Figure 3.1. Super-period and periodic nanoholes array. (a) Super-period nanholes array of
P = 2500 nm. (b) Periodic nanholes array p = 500 nm.

The photonic crystal super-periodic nanohole arrays were fabricated on a thin
silicon nitride film. The silicon nitride layers first was deposited onto a transparent Pyrex
glass substrate. In the fabrication process, the glass wafer was first cleaned with acetone
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and DI water and then followed with nitrogen blow dry. Then a 175 nm thick silicon
nitride layer was deposited on the glass substrate by using a Denton sputter system. Next,
an e-beam resist layer (ZEP-520A) was spin-coated on top of the silicon nitride layer.
The thickness of the e-beam resist layer is about 300 nm. The sample was baked in the
oven at 120°C for 30 minutes. Then, super-period nanoholes were written by using an ebeam lithography machine (LEO 1550 SEM) and developed in ZED-N50 solution at the
room temperature. After that, reactive-ion etching (RIE) (Plasma Thermal 790 series)
was used to etch through the silicon nitride layer to transfer the nanohole pattern to the
silicon nitride layer. In the RIE etching, the plasma pressure was 100 mTorr. The RF
power was 100 Watt. Oxygen gas (O2) flow was 4 sccm and CF4 gas flow was 40 sccm.
After the RIE etching, the sample was dipped in the e-beam-resist remover (NMP 1165)
solvent at the temperature of 60°C for 2 hours to remove the e-beam resist and followed
with oxygen plasma descum etching to remove the e-beam resist residue. The fabricated
device was imaged by using a scanning electron microscope (SEM). Figure 3.2 shows a
SEM image of the fabricated photonic crystal grating with nanohole diameter of 240 nm
and super-grating period of 2500 nm. The total pattered nanohole device area is 250 ×
250 μm2.
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Figure 3.2. A SEM image of a super-period nanohole photonic crystal grating.

The zeroth order transmission spectrum of the fabricated device was first measured with
a commercial optical spectrometer (StellarNet C-SR-50) and a broadband light source. In the
measurement, the broadband light with a spectral range from 400 nm to 2400 nm comes from the
glass substrate with a collimated beam size of about 185 μm. The transmitted light was collected
by a fiber optical collimator and sent to the optical spectrometer. The polarization of the incident
light was controlled by using a linear polarizer. We measured the optical transmission for TE
polarization. The electric field of the TE polarization is parallel to the grating lines in the Y
direction. The measured transmission spectrum is shown in Figure 3.3. It can be seen that
multiple transmission dips are shown in the transmission spectrum due to the guided mode
resonance. Two transmission dips are seen in the near infrared region. One is at the wavelength of
726 nm and the other is at the 744.5 nm. The transmission dips are due to the GMR in the twodimensional photonic crystal.
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Figure 3.3. Zeroth order transmission from the super-period nanohole photonic crystal
grating.

After the zeroth order transmission was measured, we measured the optical
spectrum of the first order diffraction. In order to do that, a CCD (Sony ICX098BQ) was
placed in one of the first diffraction orders. A Helium-neon (He-Ne) at the wavelength of
632.8 nm was used for calibrating the spectral measurement system. We first measured
the distance X between the zeroth order transmission spot and the first order diffraction
spot of the He-Ne laser on the CCD image plane [18]. The distance X was used to
calculate the distance Z from grating device to the CCD plane with the diffraction angle
of the He-Ne laser from the wavelength and the super-grating period (P). After the X and
Z were obtained, the correspondence between wavelengths and pixels of the CCD can be
obtained. The first order diffraction pattern was captured by the CCD. The total number
of pixels of the CCD is 640×480. The x and y axes in the CCD image indicate the
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location of different pixels. The size of the CCD pixels is 5.6 μm by 5.6 μm. The
intensity index range for each pixel is from 0 to 255. The intensity at each diffraction
location was taken as the sum of all pixels in that column then subtract the dark
background signal of the CCD. The data from CCD was first normalized to the light
source spectrum and then normalized to the CCD responsivity spectrum.
Figure 3.4 (a) shows the first order diffraction pattern captured by the CCD. The bright
spot on the left side edge of the CCD image is the diffraction spot of HeNe laser. In this
measurement, we intentionally move the CCD to let the He-Ne laser (632.8 nm) diffraction spot
falling to the edge of the CCD, so the data shown in the picture are for the wavelength range from
632.8 nm to longer wavelengths. With the CCD image and wavelength calibration, the optical
resonance spectrum can be obtained. Figure 3.4 (b) shows the optical resonance spectrum of the
dielectric nanohole photonic crystal grating obtained from the first order diffraction. The unit of
diffraction is the arbitrary unit. It can be seen that two resonance modes are observed in the
Figure 3.4 (b). The resonance wavelengths are 722.5 nm and 739.6 nm, respectively.

63

Figure 3.4. (a) The first order diffraction image captured by a CCD. (b) Plot of the optical
resonance spectrum obtained in the first order diffraction CCD image from the
dielectric nanohole array photonic crystal grating.

3.3 Hybrid plasmon photonic crystal resonance grating
After measuring the zero-order transmission and the first-order diffraction from
the super-period dielectric photonic crystal grating, we sputtered thin gold films of
different thicknesses on the device surface using a Denton sputter. We then repeated the
measurements described for the dielectric photonic crystal grating. First, a 10 nm gold
layer was sputtered onto the device surface. After measuring the zero-order transmission
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and the first order diffraction spectra, an additional 40 nm gold layer was sputtered on the
same device, which resulted in a total 50 nm gold layer on the dielectric nanohole grating
surface. Figure 3.5 (a) shows a SEM picture of the fabricated hybrid metal–dielectric
super-period nanohole grating with a 50 nm gold film on the top. Figure 3.5 (b) shows the
zero-order transmission spectrum from the device with a 10 nm gold film sputtered on the
top. It can be observed that the optical resonance was broadened and hardly seen after the
10 nm gold film was sputtered on the top. Figure 3.5 (c) shows the zero-order
transmission spectrum after an additional 40 nm gold film was sputtered on the device.
No optical resonance modes were seen from the zero-order transmission after a total of
50 nm of gold film was sputtered on the device. The zero-order transmittance decreases
significantly to 0.55% as a 50 nm gold layer was sputtered due to the conformal coating
on the nanohole array surface. Gold was not only deposited on the top of the nanohole
grating, but also deposited inside the nanoholes. We measured the first-order diffraction
efficiency of the HeNe laser (632.8 nm wavelength) at the normal incidence. The firstorder diffraction efficiency is 0.0042%. The ratio of the first-order diffraction over the
zero-order transmission is 0.76%. This could indicate that the resonance signal is too
small and might be buried in the zero-order transmission. Alternately, it suggests that the
gold-coated nanoholes do not radiate efficiently in the direction of the transmission. For
the comparison, we also fabricated regular two dimensional nanohole array devices with
the same nanohole size, the same metal–dielectric layer thicknesses, and the same small
nanohole period of 500 nm. Since the regular two-dimensional nanohole array devices do
not have the super-period P, there is no diffraction. After a 50 nm gold metal layer was
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deposited on the top, no optical resonance modes were seen in the zero-order
transmission spectrum.

Figure 3.5 (a) Structure of hybrid plasmon photonic crystal grating. (b) Zeroth order
transmission spectrum of hybrid plasmon photonic crystal grating with 10 nm
gold on the top. (c) Zeroth order transmission spectrum of hybrid plasmon
photonic crystal grating with 50 nm gold on the top. (d) Zeroth order
transmission spectrum from the device with a BSA layer deposited on the 50 nm
gold layer.

The first-order diffraction of the metal–dielectric gratings was measured with
same technique for measuring the first-order diffraction of the super-period dielectric
nanohole grating. In the experiment, we initially measured the first-order diffraction
spectrum for the hybrid metal–dielectric nanohole-grating device with a 10 nm gold layer
on the top. We then measured the diffraction spectrum of the device after a 50 nm gold
layer was deposited on the top. Figure 3.6 (a) is the first-order diffraction CCD image
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after a 10 nm gold layer was deposited on the top. Figure 3.6 (b) is the first-order
diffraction CCD image after a 50 nm gold layer was deposited on the top.

Figure 3.6. (a) The first order diffraction CCD image after 10 nm gold layer was
sputtered on the dielectric nanohole grating surface. (b) The first order
diffraction CCD image after total 50 nm gold layer was sputtered on the device
surface. Each bright spot corresponds to an optical resonance mode.

From the diffraction images captured by the CCD as shown in Figure 3.6, optical
resonance spectra can be obtained with calibrated wavelength-pixel correspondence. Figure 3.7 (a)
shows the optical resonance spectrum measured from the first order diffraction of the hybrid
plasmon photonic crystal grating with a 10 nm gold layer on the top. The first order diffraction
spectrum has an arbitrary unit. There are two optical resonance modes in the spectrum, the optical
resonance wavelength are 754.9 nm and 695.6 nm. In Figure 3.7 (b), the black solid line is the
optical resonance spectrum obtained from the first order diffraction of the device with a 50 nm
gold layer on the top. One optical resonance mode is at the wavelength of 824.4 nm. The other
optical resonance mode is in the blue side at the wavelength of 602.4 nm.
.
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3.4 Biochemical sensing with a hybrid plasmon photonic crystal
grating
After the device with the 50 nm gold layer was measured, Bovine serum albumin (BSA)
in water solution with a concentration 80 μg/mL was applied onto the surface for a biochemical
sensor demonstration. Bovine serum albumin is a serum albumin protein derived from cows. It is
often used as a protein concentration standard in biochemical lab experiments. Bovine serum
albumin is a most common protein used for biochemical experiments. The measurement was
conducted after the water in the BSA solution was completely evaporated. After the water
evaporated, about 16 nm thick BSA film was left on the device surface. We first measured the
zeroth order transmission with a regular optical spectrometer. The zeroth order transmission
spectrum is shown in Figure 3.5 (d). It can be seen that no clear optical resonance was found in
the zeroth order transmission spectrum. After the zeroth order transmission measurement was
done, we measured the optical resonance of the device with the BSA layer on the top from the
first order diffraction. We also measured the diffraction efficiency of first order diffraction of
device with 50 nm gold layer. The first order diffraction is less than 1% of energy than the zeroth
order transmission. The optical resonance spectrum measured from the first order diffraction is
shown in the Figure 3.7 (b) as the blue dashed line curve. It can be seen that after a BSA layer
was deposited on the surface of the sensor, the optical resonance wavelength measured from the
first order diffraction are shifted. The optical resonance wavelength in the redder side shifts from
824.4 nm in the air to 755.5 nm with the BSA layer applied. The total blue shift is 68.9 nm. The
resonance wavelength in the bluer side shifts slight from 602.4 nm to 590.5 nm. The sensitivity of
the surface plasmon resonance biosensor was defined as the ratio of resonant wavelength shift Δλ
and the thickness Δd of the thin film on the sensor surface [87]. The BSA layer on top of the
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sensor surface has refractive index of 1.575 at wavelength 546nm and 1.572 at wavelength 632
nm [94]. The sensitivity of the sensor Sd can be defined as equation:
𝑆𝑑 =

𝛥𝜆
,
Δd × (𝑛𝑠 − 𝑛𝑜 )

(3.1)

where ns is the refractive index of surface sensing layer and no is the refractive index of
surrounding which is air. The sensitivity of the sensor is 7.528 RIU-1 at 632 nm wavelength.

Figure 3.7. (a) Optical resonance spectrum measured in the first order diffraction from
the hybrid nanohole photonic crystal grating with 10 nm gold on the top. (b) The
solid black line is the optical resonance spectrum obtained from the first order
diffraction of the hybrid nanohole photonic crystal grating with 50 nm gold
layer on the top. The blue dashed line is the optical resonance spectrum obtained
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in the first order diffraction for the same device after a BSA protein layer was
deposited on the surface.

3.5 Summary
In summary, we fabricated a super-period photonic crystal nanohole diffraction
grating in a 175 nm thick silicon nitride film on a glass substrate. Optical resonance of
the super-period photonic crystal grating was measured from the zeroth order
transmission with a regular optical spectrometer and then measured from the first order
diffraction with a CCD. Then, thin gold metal layers of different thicknesses were
sputtered on the dielectric nanohole photonic crystal grating surface. The gold film
provide as a bonding layer for BSA during the measurement of biochemical. After the
gold metal layers were deposited, the optical resonance cannot be revealed from the
zeroth order transmission. However, the optical resonance can be obtained from the first
order diffraction by using a CCD. Finally, we deposited a thin BSA protein layer on the
device surface. Large optical resonance shift was observed in the first order diffraction
spectrum by using a CCD while no optical resonance can be found in the zeroth order
transmission. Using CCD camera to measure the surface plasmon resonance greatly
reduce the cost and ease the data processing also increase the stability of the setup.
Without spectrometer component, the work has potential to minimize the size to make
portable lab-free biosensor. The work reported in this paper shows that there is significant
advantage of measuring optical resonance in the first order diffraction over the tradition
means of measuring optical resonance in the transmission.
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CAVITY ENHANCED CONICAL SHAPE NANOHOLE
ARRAY OPTICAL FIBER TIP BIOCHEMICAL SENSOR

4.1 Introduction
Nanostructure plasmonic biochemical sensors are useful for many applications
such as biochemical detection [21, 25, 95–97, 44], medical diagnostics [98, 99], food
safety and environmental monitoring [23, 100, 101]. The label free nanostructure
plasmonic biochemical sensors utilize localized surface plasmon resonance (LSPR) peak
wavelength shift of metal nanostructures to detect presence of biological and chemical
agents. Traditionally, plasmonic biosensors have been made on wafer substrates.
Recently, there is an increasing interest to integrate plasmonic nanosensors to optical
fibers to create a new sensor platform called “lab-on-fiber” [102–109]. “Lab-on-fiber”
sensor platform eliminates the hassle of free-space optical alignment, which has many
advantages over the traditional “lab-on-chip” sensors [110–112]. One type of “lab-onfiber” plasmonic sensors is the fiber-tip plasmonic sensor in which nanostructures are
fabricated on the cleaved facets of single mode or multi-mode fibers [113,114]. Various
nanofabrication technologies have been applied to fabricate plasmonic nanostructures on
fiber facets including UV photolithography [115], nanoimprinting [116], electron-beam
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lithography [97, 113, 117, 118], focused ion-beam milling [119], and femtosecond laser
ablation [120], and etc.
In this work, we report a new nanostructure plasmonic chemical sensor on an
optical fiber tip fabricated with electron-beam lithography and oblique angle thin-film
deposition. The new nanostructure consists of a conical-shape nanohole array in a metal
film and cylindrical nanohole array underneath metal film inside the dielectric layer. The
cross-section of the nanohole in the metal layer is conical shape with a small opening in
the top and large opening in the bottom. The fabricated fiber tip plasmonic device was
used as a refractive index chemical sensor. It was found that the transmittance at the
fundamental localized surface plasmon resonance mode is extremely sensitive to the
change of refractive index inside and surrounding the conical nanoholes. The sensitivity
is higher than all previous reported sensitivities of optical fiber tip surface plasmonic
sensors [97, 113, 114, 121–123]. The demonstrated sensitivity is also higher than most of
the lab-on-chip nanohole array sensors in the near infrared region [38, 124–126]. The
fiber tip sensor response and recovery times were also investigated in this work. It is
found that the response time and recovery time are strongly related to the sensing
chemicals.

4.2 Device fabrication
Figure 4.1 shows the schematic structure and fabrication process of the conical
nanohole array on an optical fiber tip. The parameters of the nanohole array are shown in
Fig. 4.1 (d). Before the fabrication, a multi-mode fiber that has core size of 62.5 μm and a
cladding diameter of 125 μm was cleaved to make a flat fiber facet. Then a 1.5 nm thin
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titanium layer was deposited on the facet. E-beam resist photoresist (ZEP-520A) was
diluted in the anisole solution with 1:1 ratio. The fiber tip was dipped into the diluted
ZEP-520A e-beam resist and then followed by mechanical vibrations to remove the
residual resist on the facet. The coated e-beam resist was baked in a 120 °C oven for 30
minutes. By using e-beam lithography, a nanohole array with area of 200 μm by 200 μm
was patterned on the e-beam resist layer. The device was then dipped in the resist
developer (ZED-N50) for one minute development and then rinse in DI water for another
minute. After the development, the device was post-baked in a 120 °C oven for 30
minutes for dehydration. Next, nanohole array pattern was transferred from resist layer to
glass layer of the fiber tip by using reactive-ion etching (RIE) (Plasma Thermal 790
series). The plasma pressure for the RIE etching was 40 mTorr. The radio frequency (RF)
power was 270 W. The oxygen gas flow rate was 4 standard cubic centimeters per minute
(sccm) and the carbon tetrafluoride gas flow rate was 40 sccm. The etching rate for the
fiber glass was about 40 nm per minute. The fiber tip was etched for 5 minutes to create
200 nm deep holes inside the fiber glass as shown in Fig. 4.1 (b). Then a gold film was
deposited with an incidence angle of about 50°with the normal of the fiber facet surface.
Since the stage holding the device was rotating while the gold material was deposited as
shown in Fig. 4.1 (c), finally conical-shape cross section nanoholes were formed on the
fiber tip. Different thickness gold films of 30 nm, 60 nm and 90 nm were deposited on
fiber tip with different deposition times. Fig.4.1 (d) shows the schematic cross section of
the structure. The diameter of the conical shape nanoholes is 140 nm on the top and 220
nm in the bottom. The period of the nanohole array is 480 nm in both the x and y
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directions. The thickness of gold layer is 90 nm. The thickness of ZEP-520a e-beam resist
layer is 100 nm. The depth of the cylindrical nanohole array is 200 nm.
Oblique angle deposition

(a)

(c)

(b)

(d)
140 nm

Gold
ZEP

220 nm
200 nm

z

Fiber tip

x

y

Figure 4.1. Fabrication process of conical nanohole array on a cleaved optical fiber facet.
(a) E-beam resist coating. (b) E-beam patterning and RIE etching. (c) Oblique
gold deposition on a rotation stage. (d) Cross section of the conical nanohole
array on a fiber tip

Figure 4.2 shows the SEM images of a fabricated device. A nanohole array with
size of 200 μm by 200 μm is patterned on the e-beam resist layer as shown in SEM
Figure 4.2 (a). Figure 4.2 (b) and (c) show SEM images of the fabricated device with
periodic nanohole array on a 90 nm thick gold film that deposited on the fiber facet with
oblique angle on the edge of the fiber tip and on the fiber core area, respectively. To
validate the fabrication method, an area on the edge of a fiber tip where metal layer was
peeled off during the process was selected for comparison. In this area, we can see holes
in the metal film and also holes in the e-beam resist layer as shown in Figure 4.2 (d). In
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this SEM image, nanoholes on the left half that have smaller diameter are on the gold
film. On the right half of this image, nanoholes that have larger diameter are on the ebeam resist layer. It can be seen that due to the angular deposition, the cone shaped
nanoholes have smaller top and lager bottom size. The measured conical holes top radius
is 70 nm and bottom radius is 110 nm which is the same as radius of cylindrical holes.
(a)

(b)

2 μm

20 μm

(d)

(c)

Figure 1

1 μm

1 μm

Figure 4.2. SEM images of optical fiber sensor surface. (a) SEM image of nanohole array
patterned on e-beam resist layer coated on a multimode optical fiber tip. (b)
Fabricated conical-shaped nanohole array after angular gold deposition.
Nanoholes are shown on the edge (c) nanohole array on the core area. (d) SEM
image selected on the edge of the fiber tip where half of the metal film was
peeled off. Left half: conical shaped nanohole array on the gold film. Right half:
Cylindrical nanohole array on the e-beam resist layer. Nanohole diameter on the
left is 140 nm and on the right is 220 nm.
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4.3 Measurement and experimental results
To investigate the gold layer thickness dependence, we deposited gold film with
thickness from 0 to 90 nm at 30 nm increment and measured the transmittance. Optical
transmittance through fabricated conical nanohole array on the fiber tip was measured by
using a Halogen light source (Ocean Optics Inc.) and an optical spectrometer. The
incident light was first coupled to the optical fiber and incidents to nanohole array
through the optical fiber. The transmitted light was collected by an optical collimator
connected to a multi-mode fiber and then sent to an optical spectrometer (StellarNet,
Inc.).As the gold thickness increases, top radius of the conical hole is gradually reduced
while the bottom radius stays the same at 110 nm. Measured optical transmittance spectra
are shown in Fig. 4.3. The transmittance spectra for devices with 30 nm, 60 nm and 90
nm gold layers were shown as blue, red and black curves, respectively. We first observed
another resonance wavelength at 510 nm. This resonance mode corresponds to the
intrinsic resonance of gold thin film. We also observed strong localized surface plasmon
resonance at wavelength of 616.5 nm and spectrum line width narrowing as the gold
layer growing thicker from 30 nm to 60 nm. This resonant mode corresponds to the
localized surface plasmon resonance at the top opening of the holes. As we continuing
depositing gold thickness to 90 nm, the optical transmittance is significantly reduced. As
the nanohole radius on the top shrinks to 70 nm while the gold thickness is 90 nm, the
resonant wavelength has a slightly blue shift from 616.5 to 614 nm. The observation of
thickness dependence and aperture aspect ratio dependence is exactly the same behaviour
as traditional cylindrical nanohole arrays [30, 35]. However, it should be noted that in
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the measured transmission spectrum, fundamental mode which related to the localized
surface plasmon resonance at the bottom of the holes is barely distinguishable.

1
30 nm Au
60 nm Au
90 nm Au

Transmittance

0.8
0.6
0.4
0.2
0
0.4
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0.9

1

Wavelength (m)
Figure 4.3. Optical transmission spectra of fabricated devices with different thickness of
gold layer deposition. Curve in blue: 30 nm. Red: 60 nm. Black: 90 nm

In the structure, a metal film was deposited on the e-beam resist layer. Oblique
deposition formed conical shaped aperture on the side wall of cylindrical holes in the ebeam resist layer. The conical-shaped aperture inside gold film supports localized surface
plasmon resonance behaving as two transmission peaks in the spectrum. The two
resonant peaks correspond to different surface plasmon modes sustaining by each surface
of the holes. The surface plasmon modes offset is not only caused by the difference in
dielectric constant of the material in contact with each metal surface, but also affected by
the top/bottom aperture size and gold particles deposited on the side wall of dielectric
aperture below.
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We used the fabricated device for bulk refractive index chemical sensing
application. Methanol, Ethanol, IPA with refractive index of 1.330, 1.366 and 1.377 were
used as chemical materials. During the measurement, chemical was applied on a
microscope slide, then the fiber tip was dipped into the chemical. The transmitted light
passes through the liquid and then collected by the collimator under the glass slide. After
the chemicals filled inside conical holes on the fiber tip, optical transmission is
significantly enhanced due to the refractive index matching inside the holes. Figure 4.4
shows the measured transmittance spectra. Two major phenomena were observed. First,
the peak transmittances are increased. The peak transmittance was increased about 2.5
times at wavelength of 623 nm. At wavelength of 789 nm, 812.5 nm and 819 nm, the
peak transmittances were increased more than 10 times than the transmittance that
measured in the air. The fundamental resonant mode at the longer wavelength can be
observed with this enhancement. This resonant mode corresponds to the electron
oscillation at the bottom of the holes. It can be seen that the fundamental mode is very
sensitive to the change of index of refraction surrounding and inside the cone-shape holes.
The second phenomenon is the resonant wavelength shift as the change of refractive
index. We focused on the fundamental mode that has the strongest enhancement. The
bulk refractive index sensitivities are calculated accordingly for this mode. The
sensitivity is defined as the ratio of Δλpeak and Δn, where Δλpeak is the difference between
two peak resonant wavelengths and Δn is the sensing chemical refractive index difference.
In Figure 4.4, the resonant wavelength shifts from 789 nm to 812.5 nm when we replaced
methanol with ethanol. The difference of the refractive indices between ethanol and
methanol is 0.036. The calculated sensitivity corresponds to the wavelength shift is 653

78

nm/RIU. Next, we replace ethanol with IPA with refractive indices difference of 0.011,
the resonant wavelength shifts from 812.5 nm to 819.5 nm. The sensitivity that
corresponds to this wavelength shift is 636 nm/RIU. We found that sensitivity of this
device is higher than traditional cylindrical nanohole array in the near infrared region that
reported before that fabricated both on chip and fiber tip. The resonant peak wavelengths
and sensitivities corresponding to different chemicals are summarized in Table I.
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Figure 4.4. Measured transmittance spectra with different chemicals applied to the sensor
surface.

We also measured sensor response time and recovery time. To investigate the
sensor response time and recovery time, a musical metronome was used for
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synchronizing the measurement process and data recording. The temple of the
metronome was set to 180 beats/minute. Meanwhile, transmittance spectrum and
metronome beats sound were recorded in a software with 30 milliseconds per frame.
When the measurement starts, 9 metronome beats (3 seconds) were counted first. At
exactly 10th beat, device was dipped into the chemicals. After spectrum stabilized, we
count another 9 beats and remove the fiber tip from chemical at exactly 10th beats. The
response time is defined as the time duration from sensor contacting with chemical to
spectrum stabilized. The recovery time is defined as the time duration from fiber tip
leaving chemical to spectrum recovered as same as the transmittance measured in the air.
Table I summarizes measured resonant wavelength for sensor with different detecting
chemicals, sensitivities are calculated accordingly. In table I, response time for methanol,
ethanol and IPA is 0.84, 0.96 and 0.36 seconds, respectively. Recovery time for methanol,
ethanol and IPA is 2.7, 4.1 and 3.7 seconds, respectively. It can be seen that response and
recovery time change with different chemicals, this founding may add another degree of
freedom to label free chemical sensing.
Table I. Measured sensitivities and response and recovery times of the fiber tip plasmonic
sensor.
Sensitivity

Response time

Recovery time

(nm/RIU)

(second)

(second)

789.0

-

0.84

2.7

1.366

812.5

652

0.96

4.1

1.377

819.5

636

0.36

3.7

n

 res (nm)

Methanol

1.330

Ethanol
IPA
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4.4 Simulations and discussions.
The transmission spectra of large top and small bottom conical shape nanohole
array in aluminium film were first investigated by Blair et al. [127]. It was found that
conical apertures improve the efficiency of nonlinear optical processes and zeroth order
transmission can be greatly enhanced. However, the optical properties and biosensor
performance of the conical aperture in gold film is unknown. To understand the optical
behaviour of gold conical shape nanohole array and the effect of nanocavity below the
conical aperture, we used a finite-different time-domain (FDTD) simulation software
code from Lumerical Solutions, Inc to calculate the optical transmissions and near
electric field distributions. To reveal the functions of cavities under the conical aperture,
conical/cylindrical holes with and without cavities are also simulated for comparison
purposes. In the simulations, boundary condition is set as periodic in both x and y
directions. Perfect matched layer (PML) boundary condition is set in the z direction.
Optical constant of gold were taken from reference [76]. To investigate electric field
distributions of conical nanohole-array, a 2D field monitor was placed on the crosssection of a nanohole in the Y-Z plane. A conical-shaped nanohole array with top radius
70 nm, bottom radius 110 nm and period of 480 nm in a 90 nm thick gold layer that sits
on a glass substrate with 200 nm deep cavity was calculated. The surrounding
background refractive index is set to 1.4 for both simulations.
The best fit results to the experimental data are shown in Figure 4.5. In figure 4.5
(a), we calculated the transmittance spectrum with changing refractive index. During the
simulations, chemicals with different refractive index are filled inside cavities and cover
the sensor surface. We calculated transmittance spectra verses different refractive index
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from 1 to 1.5. The transmittance spectra verses wavelength are plotted in 2D as shown in
Figure 4.5 (a). In figure 5 (a), the colour corresponds to the intensity of transmittance,
where red colour means higher transmittance and blue means lower transmittance. It can
be seen from figure 4.5 (a) that when refractive index inside the cavity is low, the
transmission intensity of two localized surface plasmon mode is weak. The fundamental
mode transmission intensity is more sensitive to the change of surrounding refractive
index than the second order mode intensity. Both modes have resonant wavelength red
shift when n increases. Transmittance spectra corresponding to four different sensing
chemical that used in the experiment with refractive index of 1, 1.330, 1.366, 1.377 are
plotted and shown in Fig 4.4 (b) in dashed black line, blue line, red line and solid black
line, respectively. The second order mode resonant wavelengths for n of 1.330, 1.366,
1.377 are 647, 672, 680 nm, respectively. When the refractive index is changed from
1.330-1.366, 1.366-1.377 the calculated second order mode sensitivities are 757 and 727,
respectively. The fundamental mode resonant wavelengths for n equal to 1.330, 1.366,
1.377 are 791.5, 812.5, 819.5 nm, respectively. The calculated sensitivities corresponding
to the refractive index change are 583 and 636, respectively. In figure 4.4 (b), Two
phenomenon can be observed. One is that the intensity of fundamental and second order
resonant mode are both enhanced as a result of the increasing of surrounding refractive
index. Another one is resonant wavelength red shift. This two phenomena are strongly
agree with the measurement results.
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(a)

(c)

(b)

Max = 1.902

(d)

Max = 2.422

Figure 4.5. FDTD simulation results of conical-shaped nanohole array. (a) Caculated
optical transmittance verses wavelength and surrounding material with different
refractive index, from 1 to 1.5. (b) Transmission spectrum of with different top
radius from 0 to 110 nm plot in 2D. (c) Electric field distributions at resonant
wavelength of 700 nm. (d) Electric field distributions at resonant wavelength of
850 nm.

The top aperture size dependence is also investigated in the simulations, we
change the top aperture radius while keep the bottom aperture size at 110 nm and
thickness of gold layer at 90 nm. The conical top radius changes from 0 to 110 nm. When
the top radius increases, the tapper angle of the conical shape is also decreased from 40°
to 0°. The transmittance spectra verses wavelength are plotted in 2D as shown in Figure
4.5 (b). It can be seen that as the top radius decreases the fundamental mode spectrum
width is significantly reduced while second order mode spectrum width does not change.
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The fundamental mode resonant wavelength blue shifts while the second order mode
resonant wavelength stayed at same wavelength.
The calculated electric field distributions for conical shape nanohole array with
rtop = 70 nm, rbottom= 110 nm, P = 480 nm are shown in Figure 4.5 (c) and (d) at resonant
wavelengths of 700 nm and 850 nm, respectively. The electric field enhancement profiles
are plotted in logarithmic scale. The electric field enhancement is defined as the ratio of
the calculated local electric field amplitude over the field amplitude of incident plane
wave. Structure was simulated in an environment with n = 1.4. It can be seen in Fig. 4.5
(c) that electric field enhancement maximizes at the top opening of the nanohole at
resonant wavelength of 700 nm. The electric field enhancement of 1.9 orders magnitude
is observed. For the fundamental mode at longer wavelength, electric field enhancement
of 2.4 orders of magnitude is observed at resonant wavelength of 850 nm in Fig. 5 (d).
The electric distributions in Fig.4.5 (c) and (d) indicate that the strong localized near
electric field inside conical shaped nanohole array can enhance the light transmission in
the far field as well as increasing the sensitivity to the change of refractive index inside
these holes.
To further investigate the contribution of cavity and conical shape structure to the
performance of sensor sensitivity, we setup two simulations. One simulation is a conical
nanohole array without cavities in the substrate. Another simulation is a cylindrical
nanohole array without cavities. Combining with the simulation results that we have
above, we compared transmission spectra of conical nanohole array with/without cavities.
The cavity length in the simulation is 200 nm. We also compared transmission spectra of
nano-cavity conical and cylindrical nanohole arrays. Figure 8 shows these results. Figure
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4.6 (a) shows the transmission spectra of conical nanohole array, structures with cavities
are plotted in solid lines, and structures without cavities are plotted in dashed lines. Three
different refractive index at 1, 1.36, and 1.5 are selected as the sensing environment. For
conical nanohole array with cavities, fundamental mode resonant wavelengths at
refractive index of 1, 1.36, and 1.5 are 799 nm, 828 nm, and 849 nm, respectively. For
conical nanohole array without cavities, the fundamental mode resonant wavelengths at
this three refractive indices are 806 nm, 932 nm, and 849 nm. It can be observed from Fig.
4.6 (a) that conical nanohole array without cavities has total wavelength shift of 43 nm
while same structure with cavities has a total shift of 50 nm. This larger wavelength shift
indicates that the cavities are not only increasing the anlytes volume capacity but also
contributing to the high sensitivity. In another comparison, transmittance spectra of
nanocavity conical nanohole array and cylindrical nanohole array are plotted in solid
lines and dashed lines as shown in Fig. 4.6 (b). Conical nanohole array resonant
wavelength is 806 nm, 832 nm and 849 nm for n equal to 1, 1.36 and 1.5, respectively.
For cylindrical nanohole array, resonant wavelength is 806 nm, 826 nm and 840 nm for
the same three refractive indices, respectively. The total resonant wavelength shift for
conical nanohole array is 43 nm and for cylindrical nanohole array is 34 nm. It can also
be observed that conical nanohole array has higher transmittance at higher n. The
simulation results in Fig. 4.6 indicate two phenomenon. First, both cavity and conical
shape contribute to the increasing of sensitivity. Second, conical shape nanohole array
greatly enhanced the zeroth order transmittance.
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Figure 4.6. Calculated optical transmittance of (a) conical nanohole array with cavity
(solid lines) and without cavity (dashed lines). (b) Conical nanohole array (solid
lines) and cylindrical nanohole array (dashed lines), both without cavities.
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4.5 Summary
In this work, a conical shaped nanohole array with cavity was fabricated in a gold
film by using electron beam lithography and oblique gold deposition on a fiber tip facet.
Transmittance spectra from the fabricated device were measured with forward
illumination and backward illumination. A refractive index chemical sensor was
demonstrated by dipping the fiber tip into the chemicals. Sensor sensitivities were
characterized by measuring the peak resonant wavelength shift due to the change of
surround chemicals refractive index. It was found that fundamental mode transmittance
intensity is extremely sensitive to the change of surrounding refractive index. A
maximum of 10 fold of enhancement in transmission at wavelength of 819 nm was
observed from the measurement result. It is also found that the sensitivity of conical
nanohole array sensor is higher than sensors equipped with cylindrical nanohole array in
the infrared region that reported before. A sensitivity of 652 nm/RIU has been
demonstrated. FDTD simulations were carried out to fit measured transmittance spectra
and to obtain near electric field distributions inside conical-shaped nanohole cavities.
Strong electric field enhancement inside the conical nanohole cavities was found when
the index of refraction increases inside the cavities. It is found that conical shaped
nanohole array has stronger electric field enhancement than cylindrical nanohole array. It
is also found that both conical shaped aperture and dielectric cavities under the nanoaperture are contributing to the increase of sensor sensitivity. Response time and recovery
time of the sensor was also investigated in this work. It is found that the response and
recovery time is strongly related to different chemicals. The conical-shaped nanohole

88

array optical fiber sensor investigated in this work can be potentially used for remote
chemical presence and absence sensing and biosensors with a functionalized gold surface.
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LOCALIZED SURFACE PLASMON RESONANCE FOR

IMMUNOASSAY

We have demonstrated localized surface plasmon resonance in three different
metal nanostructures for bulk chemical refractive index sensing. In this chapter, we will
discuss immunoassay applications. Immunoassay is a method to measure the existence of
molecules in a solution. This biochemical test uses antibody or antigen to determine the
presence or concentration of the analyte. Immunoassays usually employ different labels
such as enzymes, radioactive isotopes, DNA reporters, fluorogenic reporters to detect
antibodies and antigens. Surface plasmon resonance (SPR) has been incorporated into an
immunosensor format for simple, rapid and label free biochemical detection in the past
two decades. Proteins, complex conjugates, toxins, allergens, drugs and pesticides can be
directly determined using antibodies to recognize and binding. The process can be
monitored in real-time.

5.1 Surface functionalization for plasmonic nanostructures
Gold surface is a suitable choice for SPR measurements due to its stability in
aqueous environments required for monitoring biomolecular interactions. Gold surface
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can be easily functionalized through different strategies. The plasmonic devices we have
discussed in the previous chapters are fabricated on the gold film. For immunoassay
applications, we choose gold nanocave plasmonic device as the sensor. In order to
immobilize proteins on the gold nanostructure surface, chemical cross-linking is the most
commonly used method for immobilizing proteins on the inert surfaces. We use a
protocol that developed by Thermo Scientific for attaching a protein onto a gold surface
using the chemical cross-linker dithiobis (succinimidyl propionate) (DSP, product No.
22585) [128]. The DSP forms a very stable bond with gold surface on one side and use
other groups on either end of DSP to react with primary amine groups in proteins. DSP is
a water-insoluble, homobifunctional N-hydroxysuccimide ester (NHS-ester) which
contains an amine-reactive NHS-ester at each end of an 8–carbon spacer arm. The NHSesters react with primary amines at pH 7-9 to form stable amide bonds. Proteins,
including antibodies, have several primary amines in the side chain of lysine (K) residues
that are available as targets for NHS-ester crosslinking reagents [129, 130].
To start the process, nanocave sensor chip was first cleaned with DI water and
blow-dried by stream of nitrogen gas. The DSP was dissolved in DMSO solution for
4mg/ml concentration. Next, the device was incubated in dissolved DSP solution for one
hour at room temperature. The device was later washed three times with DMSO solution
to remove the unbound DSP. Figure 5.1 shows the results of a successful surface
functionalization on a nanocave device surface. The reflectance spectrum of the device
was first measured in DMSO. After washing off the unbound DSP, the reflectance
spectrum of DSP functionalized devices was measured in DMSO again. Figure 5.1 (a)
shows the reflectance spectrum of device in wavelength range from 400 nm to 1000 nm.
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The DSP binding can be seen from the resonant wavelength shift as shown in figure 5.1
(b). The resonance wavelength of functionalized device has a 4 nm blue shift which
means the DSP is successfully bound on the gold surface.
Surface functionalization
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Figure 5.1. Reflectance spectrum of nanocave array measured in DMSO solution before
and after DSP surface functionalization. (a) Wavelength range from 400 nm to
1000 nm. (b) Wavelength range from 630 nm to 665 nm.

5.2 Antibody immobilization
After successfully functionalize the gold surface with DSP, the two amine
reactive NHS esters of the DSP can react with the primary amines of the antibodies.
Next, we immobilize antibody on the functionalized gold surface. The device was first
cleaned with PBS to wash off the DMSO. Then, the device was rinsed in PBS for 5 min.
Reflectance spectrum was measured and plot in black curve as shown in Fig. 5. 2 (a).
Next, the device was incubated in antibody solution (PBS buffer) for 30 minutes at room
temperature. Unbound antibodies were removed by three PBS washes and then
reflectance was measured when device was rinsed in PBS. Figure 5.2 shows the antibody
immobilization of nanocave array device. In figure 5.2 (b), it can be seen that after
antibody immobilization, a 2 nm resonant wavelength red-shift is observed.
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Figure 5.2. Reflectance spectrum measured in PBS before and after antibody
immobilization. (a) Wavelength range from 400 nm to 1000 nm. (b)
Wavelength range from 580 nm to 620 nm.

5.3 Troponin I protein detection
Troponin I is a cardiac muscle protein. The detection of troponin I level in blood
is critical to the diagnostic of heart attack. Here we demonstrate a detection of Troponin I
with concentration of 5ng/ml and 1ng/ml by using the nanocave sensor. The human
Cardiac Troponin I standard with two concentrations of 0.0 ng/ml and 50.0 ng/ml,
Troponin I antibody, mAb-cTn I (MP5318), with concentration of 5.16 mg/ml were
obtained from Pan Probe Biotech, Inc. The measurement starts from functionalizing the
surface of gold nanocave with DSP and then antibody immobilization. Each step was
validated by measuring the resonant wavelength shift. The whole process is illustrated as
shown in figure 5.3.
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Figure 5.3. Measurement process for Troponin I with concentration of 5 ng/ml.

During the measurement, the device was cleaned in DI water first. Then, the
device washed with DMSO three times and reflectance was measured in the DMSO
solution. Next, the device was incubated in dissolved DSP solution for one hour at room
temperature. The device was washed three time with DMSO solution to remove the
unbound DSP. The reflectance spectrum of the device was first measured in DMSO.
After washing off the unbound DSP, surface functionalization is validated by checking
the resonant wavelength blue shift. Then the device was washed with PBS and rinsed in
PBS for 5 minutes. The reflectance spectrum was measured in PBS. Next, the device was
incubated in Troponin I antibody (mAb-cTn I) for 30 minutes in room temperature. PBS
wash was conducted for removing the unbound antibody. Reflectance was measured in
PBS solution to compare with the result obtained from last step without antibody. The
resonant wavelength red-shift proves the successfully immobilization of antibody. In
order to confirm the Troponin binding, reflectance was first measured in Troponin I
standard with 0 ng/ml buffer. Troponin I with 50 ng/ml concentration was diluted in
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buffer for 5 ng/ml. Then the device was measured in 5 ng/ml troponin I solution. Figure
5.4 shows the Troponin I binding with different time.
Troponin Bounding
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Figure 5.4. Reflectance spectrum after nanocave sensor binding with Troponin I on the
surface.

In figure 5.4, the resonant wavelength in the buffer which contains no Troponin I
is 599 nm. When Troponin I is added to the buffer solution, the resonant wavelength
shifts to 600 nm within one minute. The resonant wavelength continues shifting to 600.5
nm at two minutes. Then resonant wavelength shifts to 601 nm at 25 minutes and stays at
this wavelength when we measure the reflectance at 50 minutes. The binding kinetic also
known as sensorgram can be plotted as resonant wavelength verses experiment execute
time as shown in figure 5.5.
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Figure 5.5. Binding kinetics plot as wavelength shift verses time for Troponin I with
concentration of 5 ng/ml.

The binding process of Troponin I is shown in figure 5.5. The resonant
wavelength is shifting exponentially verses time elapsed. This indicates the association of
Troponin I protein binding with antibody on the surface of gold. When the gold surface is
saturated, the resonant wavelength is stabilized and stays at 601 nm.
In addition, we also measured Troponin I with concentration of 1 ng/ml. Figure
5.6 shows the measurement results of Troponin I with concentration of 1 ng/ml.
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Figure 5.6. Reflectance spectrum of nanocave SPR sensor measuring Troponin I with
concentration of 1 ng/ml.

The binding kinetic of 1ng/ml Troponin I is shown in figure 5.7
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Figure 5.7. Resonant wavelength shift verses time plot of nanocave SPR sensor
measuring Troponin I with concentration of 1 ng/ml.

In the 1 ng/ml Troponin I protein measurement, we can see that the resonant
wavelength shifts from 594.5 nm in the buffer to 595.5 nm at 2 minutes after binding and
then resonant wavelength stays at 595.5 nm for 18 minutes. At 18 minutes, we added
more Troponin I with concentration of 5 ng/ml into the detection solution. At 20 minutes,
the resonant wavelength shifted to 596 nm then gradually increased to 596.5 nm and then
the troponin I binding was saturated. From Fig. 5.7, we can see the association process of
Troponin I protein binding on the antibody.
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SUMMARY AND SUGGESTED FUTURE WORK

6.1 Summary
In this dissertation, several plasmonic nanostructure devices were fabricated and
investigated. Localized surface plasmon resonance in nanoparticle arrays for biochemical
sensing applications are demonstrated and discussed. First, the resonance spectra of
diabolo shaped gold nanoantenna arrays working in mid-infrared regime are investigated.
Optical properties of this novel nanostructure were investigated experimentally and
numerically. As a fundamental study of plasmonic optical nanoantenna, this new
structure is showing huge potential for biochemical and biomedical applications. It was
found that reducing the waist width of the diabolo nanoantenna significantly shifts the
resonant wavelength to longer wavelength and greatly enhances the near magnetic field,
while changing the antenna array period also changes the resonance wavelength but has
less effect. This near magnetic field enhancement can be used for biomedical treatment in
low power nano-particle optical vortex trapping to reduce heating and damaging in
biological particles. Next, a hybrid plasmon photonic crystal resonance grating biosensor
was demonstrated. Localized surface plasmon resonance from superperiod gold nanohole
array and guide mode resonance from silicon nitride layer are measured from first order
diffraction in the transmission mode. It is found that large optical resonance shift was
observed in the first order diffraction spectrum by using a CCD while no optical
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resonance can be found in the zeroth order transmission. In this research, biochemical
sensing for BSA protein was demonstrated. Then, an optical fiber based plasmonic
chemical sensor was investigated. The sensor consists of a conical shaped nanohole array
on the fiber tip and cylindrical nanohole array at the bottom. It is found that this sensor
has very high sensitivity comparing with normal nanohole array sensors. The
transmission is greatly enhanced when chemicals are filled inside the nanohole. It is also
found that the sensor response and recovery time are strongly related to the sensing
chemicals. In addition, a nanocave array sensor was also investigated for immunoassay
applications. We demonstrated the detection of low concentration Troponin I protein by
measuring the localized surface plasmon resonance wavelength shift in the reflection
spectrum of nanocave array.
To fabricate these nanostructure plasmonic optical device, electron-beam
lithography, thermal evaporation and reactive ion plasma etching was conducted in the
cleanroom lab. Equipment such as scanning electron microscope, e-beam evaporator,
thermal evaporator, reactive ion etching is used for these projects. In the diabolo
nanoantenna array project, a liftoff lithography process was developed for fabricating
structure with minimum feature size of 60 nm. The lithography fabrication process
development is playing an extremely critical role for successfully conducting the research.
The process development takes several rounds of electron beam dose test. The photoresist
spin curve is also needed to be investigated for different nanostructure. After photoresist
patterning, plasma etching or chemical wet etching processes are also developed for these
projects. In my project, the superperiod nanohole array on the silicon nitride thin film
layer was patter-transferred by reactive plasma ion etching. The recipe was developed
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through adjusting the ratio of different plasma gases, chamber pressure and voltage to
achieve the desired material etching rate. Before these steps, another critical process is
also need to be addressed. To fabricate these devices, thin film deposition is very
important to the material properties. The quality of the sputtered thin film is affecting the
electric permittivity of metal. A bad quality thin film is causing high material loss and
further impact on the resonant wavelength and spectrum width of the localized surface
plasmon resonance. These investigations are useful for finishing my research and also
will be used in the future works.
To measure the localized surface plasmon resonance in the periodic
nanostructures, several optical testing and measurement setups are established and
developed during conducting these researches. For example, the hybrid plasmon photonic
crystal grating sensor measures the localized surface plasmon resonance in the first order
diffraction. Based on the previous works on this research, there are several improvements
on this measurement setup. First, an achromatic lens is used to replace the previous
convex lens to improve the optical focus consistency within the visible spectrum. Then, a
higher resolution CCD camera with 480 by 720 pixels is used to replace the previous 240
by 480 pixels to improve the resolution of the measurement. The unit pixel size is also
reduced from 4.8 μm to 2.8 μm. The measurement resolution is improved about three
times. For biochemical sensing applications, a customer designed optical fiber based
reflection measurement setup was designed and built. The optical fiber reduced massive
optical component in the setup and improved the stability for biochemical sensing
platform.
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In this dissertation, numerical analysis on the periodic nanostructures were
conducted. Different simulation software were used such as Lumerical FDTD, Comsol
Multiphysics RF module and CST studio. Lumerical FDTD simulation provides ways to
design new nanostructures in the visible and near infrared regime and to validate
structures that fabricated and showing different optical properties. The Lumerical FDTD
simulations for periodic structure that discussed in this dissertation is useful for future
work. In addition, various metrology tools such as scanning electron microscope (SEM),
ellipsometer, and optical surface profiler are used in this work for verify the design in the
simulation. These nanofabrication processes combined with numerical simulations will
benefit future nanodevice fabrications. Matlab codes are used to process data from
simulations and measurements. These useful tools are valuable for the future academia
research.

6.2 Suggested future works
Most of the results discussed in this dissertation were published in peer reviewed
journals. These researches will be investigated in the future for biochemical and
biomedical applications. First, the diabolo nanoantenna arrays with narrowed waist width
which produce highly enhanced magnetic field can be investigated in the future for
biomedical applications. Also, the biomedical sensing in the mid-infrared regime can be
investigated in the future. This future research will give larger potential for the
biochemical sensing applications with localized surface plasmon resonance from
nanoparticle arrays.
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Next, biochemical sensing with diffraction gratings has huge potential in reducing
the equipment size and increasing the platform integration. The superperiod nanohole
array sensor can be further investigated for immunoassay applications. Comparing with
traditional surface plasmon resonance biochemical sensing, the superperiod nanostructure
diffracts the localized surface plasmon resonance into first order diffraction. With the low
cost CCD camera, first order diffraction can be easily measured and the protein binding
process can be monitored.
The recent increasing interest to integrate plasmonic biosensors to optical fibers is
potentially beneficial for moving the biochemical sensing from lab to a portable platform
which is usually in a more complex environment. The plasmonic nanostructures
discussed in the dissertation can be immobilized to fiber tip in the future. “Lab-on-fiber”
sensor platform eliminates the hassle of free-space optical alignment. Plasmonic “Labon-fiber” biochemical sensors can be investigated in the future for immunoassay
applications.
Last, works need to be done in the future to improve the sensitivity and reliability
of localized surface plasmon resonance biochemical sensors. The works include the
investigation of improving the surface functionalization process for nanostructure arrays
and to improve the antibody immobilization efficiency on the nanoparticles. Also, more
optical sensing platforms will be investigated. The optical fiber based reflection
measurement setup can be further investigated and improved.
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